
42 
 

Hayes SM, Baena E, Truong TK, Cabeza R (2010) Neural mechanisms of context effects on face 

recognition: automatic binding and context shift decrements. J Cogn Neurosci 22 (11):2541-

2554. 

Hummerich R, Reischl G, Ehrlichmann W, Machulla HJ, Heinz A, Schloss P (2004) DASB -in vitro 

binding characteristics on human recombinant monoamine transporters with regard to its 

potential as positron emission tomography (PET) tracer. J Neurochem 90 (5):1218-1226. 

Huster RJ, Westerhausen R, Herrmann CS (2011) Sex differences in cognitive control are 

associated with midcingulate and callosal morphology. Brain Struct Funct 215 (3-4):225-

235. 

Ichise M, Liow JS, Lu JQ, Takano A, Model K, Toyama H, Suhara T, Suzuki K, Innis RB, Carson RE 

(2003) Linearized reference tissue parametric imaging methods: application to [11C]DASB 

positron emission tomography studies of the serotonin transporter in human brain. J Cereb 

Blood Flow Metab 23 (9):1096-1112. 

Innis RB, Cunningham VJ, Delforge J, Fujita M, Gjedde A, Gunn RN, Holden J, Houle S, Huang SC, 

Ichise M, Iida H, Ito H, Kimura Y, Koeppe RA, Knudsen GM, Knuuti J, Lammertsma AA, 

Laruelle M, Logan J, Maguire RP, Mintun MA, Morris ED, Parsey R, Price JC, Slifstein M, Sossi 

V, Suhara T, Votaw JR, Wong DF, Carson RE (2007) Consensus nomenclature for in vivo 

imaging of reversibly binding radioligands. J Cereb Blood Flow Metab 27 (9):1533-1539. 

Johnson MD, Ojemann GA (2000) The role of the human thalamus in language and memory: 

evidence from electrophysiological studies. Brain Cogn 42 (2):218-230. 

Kahkonen S, Ahveninen J, Pennanen S, Liesivuori J, Ilmoniemi RJ, Jaaskelainen IP (2002) 

Serotonin modulates early cortical auditory processing in healthy subjects: evidence from 

MEG with acute tryptophan depletion. Neuropsychopharmacology 27 (5):862-868. 

Klein F, Sepekoff B, Wolf TJ (1985) Sexual orientation: a multi-variable dynamic process. J 

Homosex 11 (1-2):35-49. 

Kruijver FPM, Zhou JN, Pool CW, Hofman MA, Gooren LJG, Swaab DF (2000) Male-to-female 

transsexuals have female neuron numbers in a limbic nucleus. Journal of Clinical 

Endocrinology & Metabolism 85 (5):2034-2041. 



43 
 

Lanzenberger R, Kranz GS, Haeusler J, Akimova E, Savli M, Hahn A, Mitterhauser M, 

Spindelegger C, Philippe C, Fink M, Wadsak W, Karanikas G, Kasper S (2012) Prediction of 

SSRI treatment response in major depression based on serotonin transporter interplay 

between median raphe nucleus and projection areas. NeuroImage 63 (3):1091-1098. 

Lanzenberger R, Mitterhauser M, Kranz GS, Spindelegger C, Wadsak W, Stein P, Moser U, Savli 

M, Kletter K, Kasper S (2011) Progesterone level predicts serotonin-1a receptor binding in 

the male human brain. Neuroendocrinology 94 (1):84-88. 

Lanzenberger RR, Hahn A, Windischberger C, Wadsak W, Holik A, Gerstl F, Savli M, Moser U, 

Mien LK, Akimova E, Mitterhauser M, Kletter K, Moser E, Kasper S (2009) Serotonin-1A 

receptor binding and Reward-dependent Activation are associated within the Human Dorsal 

Raphe Nucleus as revealed by PET-fMRI. NeuroImage 47 (Supplement 1):S1-286. 

Ley RG, Bryden MP (1979) Hemispheric differences in processing emotions and faces. Brain Lang 

7 (1):127-138 

Lugo M, Isturiz G, Lara C, Garcia N, Eblen-Zaijur A (2002) Sensory lateralization in pain subjective 

perception for noxious heat stimulus. Somatosens Mot Res 19 (3):207-212. 

Martin-Soelch C, Szczepanik J, Nugent A, Barhaghi K, Rallis D, Herscovitch P, Carson RE, Drevets 

WC (2011) Lateralization and gender differences in the dopaminergic response to 

unpredictable reward in the human ventral striatum. Eur J Neurosci 33 (9):1706-1715. 

McCarthy MM (2008) Estradiol and the developing brain. Physiol Rev 88 (1):91-124. 

McEwen BS (1992) Steroid hormones: effect on brain development and function. Horm Res 37 

Suppl 3:1-10. 

McQueen JK, Wilson H, Fink G (1997) Estradiol-17 beta increases serotonin transporter (SERT) 

mRNA levels and the density of SERT-binding sites in female rat brain. Brain Res Mol Brain 

Res 45 (1):13-23. 

Meyer JH (2007) Imaging the serotonin transporter during major depressive disorder and 

antidepressant treatment. J Psychiatry Neurosci 32 (2):86-102. 

Meyer JH, Gunn RN, Myers R, Grasby PM (1999) Assessment of spatial normalization of PET 

ligand images using ligand-specific templates. Neuroimage 9 (5):545-553. 



44 
 

Moser MB, Moser EI (1998) Functional differentiation in the hippocampus. Hippocampus 8 

(6):608-619. 

Nielsen K, Brask D, Knudsen GM, Aznar S (2006) Immunodetection of the serotonin transporter 

protein is a more valid marker for serotonergic fibers than serotonin. Synapse 59 (5):270-

276. 

Nijboer TC, Jellema T (2012) Unequal impairment in the recognition of positive and negative 

emotions after right hemisphere lesions: a left hemisphere bias for happy faces. J 

Neuropsychol 6 (1):79-93. 

Ocklenburg S, Gunturkun O, Beste C (2012) Hemispheric asymmetries and cognitive flexibility: 

an ERP and sLORETA study. Brain Cogn 78 (2):148-155. 

Oke A, Keller R, Mefford I, Adams RN (1978) Lateralization of norepinephrine in human 

thalamus. Science 200 (4348):1411-1413. 

Oldfield RC (1971) The assessment and analysis of handedness: the Edinburgh inventory. 

Neuropsychologia 9 (1):97-113. 

Otto MW, Dougher MJ, Yeo RA (1989) Depression, pain, and hemispheric activation. J Nerv 

Ment Dis 177 (4):210-218. 

Parsey RV, Kent JM, Oquendo MA, Richards MC, Pratap M, Cooper TB, Arango V, Mann JJ (2006) 

Acute occupancy of brain serotonin transporter by sertraline as measured by [11C]DASB 

and positron emission tomography. Biol Psychiatry 59 (9):821-828. 

Paus T (2010) Sex differences in the human brain: a developmental perspective. In: Savic I (ed) 

Sex differences in the human brain, their underpinnings and implications, vol 186. Elsevier, 

Amsterdam, pp 13-28. 

Pedraza O, Bowers D, Gilmore R (2004) Asymmetry of the hippocampus and amygdala in MRI 

volumetric measurements of normal adults. J Int Neuropsy Society 10 (5), 664–678. 

Phoenix CH, Goy RW, Gerall AA, Young WC (1959) Organizing action of prenatally administered 

testosterone propionate on the tissues mediating mating behavior in the female guinea pig. 

Endocrinology 65:369-382. 



45 
 

Riccio O, Potter G, Walzer C, Vallet P, Szabo G, Vutskits L, Kiss JZ, Dayer AG (2009) Excess of 

serotonin affects embryonic interneuron migration through activation of the serotonin 

receptor 6. Mol Psychiatry 14 (3):280-290. 

Rosen GD, Finklestein S, Stoll AL, Yutzey DA, Denenberg VH (1984) Neurochemical asymmetries 

in the albino rat's cortex, striatum, and nucleus accumbens. Life Sci 34 (12):1143-1148. 

Robichaud M, Debonnel G (2005) Oestrogen and testosterone modulate the firing activity of 

dorsal raphe nucleus serotonergic neurones in both male and female rats. J 

Neuroendocrinol 17 (3):179-85. 

Rubinow DR, Schmidt PJ, Roca CA (1998) Estrogen-serotonin interactions: implications for 

affective regulation. Biol Psychiatry 44 (9):839-50. 

Sapir A, Rafal R, Henik A (2002) Attending to the thalamus: inhibition of return and nasal-

temporal asymmetry in the pulvinar. Neuroreport 13 (5):693-697. 

Sarlani E, Farooq N, Greenspan JD (2003) Gender and laterality differences in thermosensation 

throughout the perceptible range. Pain 106 (1-2):9-18. 

Savic I, Garcia-Falgueras A, Swaab DF (2010) Sexual differentiation of the human brain in 

relation to gender identity and sexual orientation. In: Savic I (ed) Sex differences in the 

human brain, their underpinnings and implications, vol 186. Elsevier, Amsterdam, pp 41-61. 

Schwier C, Kliem A, Boettger MK, Bar KJ (2010) Increased cold-pain thresholds in major 

depression. J Pain 11 (3):287-290. 

Shackman AJ, Salomons TV, Slagter HA, Fox AS, Winter JJ, Davidson RJ (2011) The integration of 

negative affect, pain and cognitive control in the cingulate cortex. Nat Rev Neurosci 12 

(3):154-167. 

Shi F, Liu B, Zhou Y, Yu C, Jiang T (2009) Hippocampal volume and asymmetry in mild cognitive 

impairment and Alzheimer's disease: meta-analyses of MRI studies. Hippocampus 19 

(11):1055–1064. 

Shinohara Y, Hosoya A, Yamasaki N, Ahmed H, Hattori S, Eguchi M, Yamaguchi S, Miyakawa T, 

Hirase H, Shigemoto R (2012) Right-hemispheric dominance of spatial memory in split-brain 

mice. Hippocampus 22 (2):117-121. 



46 
 

Simerly RB, Swanson LW, Gorski RA (1985) Reversal of the sexually dimorphic distribution of 

serotonin-immunoreactive fibers in the medial preoptic nucleus by treatment with 

perinatal androgen. Brain Res 340 (1):91-98. 

Soma T, Momose T, Takahashi M, Koyama K, Kawai K, Murase K, Ohtomo K (2012) Usefulness of 

extent analysis for statistical parametric mapping with asymmetry index using inter-ictal 

FGD-PET in mesial temporal lobe epilepsy. Ann Nucl Med 26(4):319-326. 

Sommer IE, Aleman A, Somers M, Boks MP, Kahn RS (2008) Sex differences in handedness, 

asymmetry of the planum temporale and functional language lateralization. Brain Res 

1206:76-88. 

Spernal J, Krieg JC, Lautenbacher S (2003) Pain thresholds as a putative functional test for 

cerebral laterality in major depressive disorder and panic disorder. Neuropsychobiology 48 

(3):146-151. 

Stefanics G, Csukly G, Komlosi S, Czobor P, Czigler I (2012) Processing of unattended facial 

emotions: a visual mismatch negativity study. Neuroimage 59 (3):3042-3049. 

Stein P, Savli M, Wadsak W, Mitterhauser M, Fink M, Spindelegger C, Mien LK, Moser U, 

Dudczak R, Kletter K, Kasper S, Lanzenberger R (2008) The serotonin-1A receptor 

distribution in healthy men and women measured by PET and [carbonyl-11C]WAY-100635. 

Eur J Nucl Med Mol Imaging 35 (12):2159-2168. 

Stern CE, Hasselmo ME (1999) Bridging the gap: integrating cellular and functional magnetic 

resonance imaging studies of the hippocampus. Hippocampus 9 (1):45-53. 

Swaab DF, Garcia-Falgueras A (2009) Sexual differentiation of the human brain in relation to 

gender identity and sexual orientation. Funct Neurol 24 (1):17-28. 

Takao H, Abe O, Yamasue H, Aoki S, Sasaki H, Kasai K, Yoshioka N, Ohtomo K (2011) Gray and 

white matter asymmetries in healthy individuals aged 21-29 years: a voxel-based 

morphometry and diffusion tensor imaging study. Hum Brain Mapp 32 (10):1762-1773. 

Tellez R, Rocha L, Castillo C, Meneses A (2010) Autoradiographic study of serotonin transporter 

during memory formation. Behav Brain Res 212 (1):12-26. 



47 
 

Tomer R, Slagter HA, Christian BT, Fox AS, King CR, Murali D, Davidson RJ (2012) Dopamine 

Asymmetries Predict Orienting Bias in Healthy Individuals. Cereb Cortex. Aug 31. [Epub 

ahead of print]. 

Underwood MD, Kassir SA, Bakalian MJ, Galfalvy H, Mann JJ, Arango V (2012) Neuron density 

and serotonin receptor binding in prefrontal cortex in suicide. Int J Neuropsychopharmacol 

15 (4):435-447. 

Valdes JJ, Mactutus CF, Cory RN, Cameron WR (1981) Lateralization of norepinephrine, 

serotonin and choline uptake into hippocampal synaptosomes of sinistral rats. Physiol 

Behav 27 (2):381-383. 

Varnas K, Halldin C, Hall H (2004) Autoradiographic distribution of serotonin transporters and 

receptor subtypes in human brain. Hum Brain Mapp 22 (3):246-260. 

Vernaleken I, Weibrich C, Siessmeier T, Buchholz HG, Rosch F, Heinz A, Cumming P, Stoeter P, 

Bartenstein P, Grunder G (2007) Asymmetry in dopamine D(2/3) receptors of caudate 

nucleus is lost with age. Neuroimage 34 (3):870-878. 

Verney C, Lebrand C, Gaspar P (2002) Changing distribution of monoaminergic markers in the 

developing human cerebral cortex with special emphasis on the serotonin transporter. Anat 

Rec 267 (2):87-93. 

Vertes RP (1991) A PHA-L analysis of ascending projections of the dorsal raphe nucleus in the 

rat. J Comp Neurol 313 (4):643-668. 

Vertes RP, Linley SB, Hoover WB (2010) Pattern of distribution of serotonergic fibers to the 

thalamus of the rat. Brain Struct Funct 215 (1):1-28. 

Vitalis T, Cases O, Passemard S, Callebert J, Parnavelas JG (2007) Embryonic depletion of 

serotonin affects cortical development. Eur J Neurosci 26 (2):331-344. 

Walsh A, McDowall J, Grimshaw GM (2010) Hemispheric specialization for emotional word 

processing is a function of SSRI responsiveness. Brain Cogn 74 (3):332-340. 

Watkins KE, Paus T, Lerch JP, Zijdenbos A, Collins DL, Neelin P, Taylor J, Worsley KJ, Evans AC 

(2001) Structural asymmetries in the human brain: a voxel-based statistical analysis of 142 

MRI scans. Cereb Cortex 11 (9):868-877. 



48 
 

Westergaard GC, Chavanne TJ, Lussier ID, Houser L, Cleveland A, Suomi SJ, Higley JD (2003) Left-

handedness is correlated with CSF monoamine metabolite and plasma cortisol 

concentrations, and with impaired sociality, in free-ranging adult male rhesus macaques 

(Macaca mulatta). Laterality 8 (2):169-187. 

Wilson CA, Davies DC (2007) The control of sexual differentiation of the reproductive system 

and brain. Reproduction 133 (2):331-359. 

Wisniewski AB (1998) Sexually-dimorphic patterns of cortical asymmetry, and the role for sex 

steroid hormones in determining cortical patterns of lateralization. 

Psychoneuroendocrinology 23 (5):519-547. 

Witte AV, Floel A, Stein P, Savli M, Mien LK, Wadsak W, Spindelegger C, Moser U, Fink M, Hahn 

A, Mitterhauser M, Kletter K, Kasper S, Lanzenberger R (2009) Aggression is related to 

frontal serotonin-1A receptor distribution as revealed by PET in healthy subjects. Hum Brain 

Mapp 30 (8):2558-2570. 

Woolard AA, Heckers S (2012) Anatomical and functional correlates of human hippocampal 

volume asymmetry. Psychiatry Res 201 (1):48-53. 

Young EJ, Williams CL (2010) Valence dependent asymmetric release of norepinephrine in the 

basolateral amygdala. Behav Neurosci 124 (5):633-644. 

Zhou JN, Hofman MA, Gooren LJ, Swaab DF (1995) A sex difference in the human brain and its 

relation to transsexuality. Nature 378 (6552):68-70. 

  



49 
 

Table 1. Serotonin transporter asymmetries in 9 female control, 13 male control and 14 male-to-female 

transsexuals (main effect: L vs. R).  

Region  MNI coordinates 
(mm) 

 Peak 

Anatomical Region (AAL) BA  x y z  T value Cluster Size 
(k) 

 
Leftward asymmetries (L > R) 
PlanumTemporale / Superior         
Temporal Gyrus 41  -40 -34 14  12.99*†‡ 418 
Middle Orbitofrontal Gyrus 11  -6 42 -12  8.33*†‡ 347 
 11  -12 64 -2  4.34* 14 
   -36 42 -16  4.00* 5 
Hippocampus   -24 -24 -6  8.15*†‡ 201 
Middle Occipital Gyrus 19  -44 -80 6  7.71*†‡ 1377 
Postcentral Gyrus 3  -58 -8 36  6.89*†‡ 298 
Angular Gyrus 40  -58 -50 34  6.55*†‡ 42 
 7  -34 -60 46  4.33*‡ 26 
Fusiform Gyrus 37  -38 -40 -24  5.93*†‡ 59 
 37  -28 -36 -24  3.90* 6 
Superior Temporal Gyrus 20  -40 -6 -16  5.60*‡ 39 
Caudate head 25  -10 10 4  5.52*‡ 39 
Superior Occipital Gyrus 19  -24 -76 28  5.44*‡ 33 
Rolandic Operculum 48  -58 4 8  5.43*‡ 53 
Inferior Parietal Gyrus 40  -48 -50 50  5.33*‡ 72 
   -44 -36 52  4.85*‡ 103 
Olfactory Bulb 34  -24 6 -12  5.21*‡ 81 
Frontal Inferior Operculum 44  -42 8 26  5.04* 10 
Anterior Insula 48  -32 16 6  4.73*‡ 56 
Anterior Cingulate Cortex 32  -12 20 32  4.71* 14 
Precentral Gyrus 9  -44 8 48  4.64*‡ 19 
Rostral Pons -  -4 -16 -28  4.61* 5 
 -  -10 -18 -20  4.08* 6 
Inferior Triangular Frontal Gyrus 45  -44 30 30  4.53*‡ 21 
Middle Temporal Gyrus 21  -52 -46 -6  4.32* 10 
Inferior Orbitofrontal Gyrus 47  -38 36 0  4.29*‡ 20 
Hypothalamus -  -8 -6 -12  4.13* 13 
Precuneus -  -4 -62 32  4.04* 7 
Posterior Cingulate Cortex 23  -8 -48 24  3.95* 9 
Superior Medial Frontal Gyrus 10  -10 64 14  3.93* 10 
Lateral Thalamus -  -20 -14 6  3.91* 12 
Middle Frontal Gyrus 46  -36 42 26  3.90* 6 
 
Rightward asymmetries (R > L) 
Middle Temporal Pole 38  44 14 -28  8.95*†‡ 383 
Anterior Thalamus -  6 -8 14  7.88*†‡ 135 
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*P< 0.001, uncorrected (voxel) with k ≥ 5 voxels (cluster). P < 0.05, FDR-corrected at †voxel and ‡cluster 

level. AAL, automated anatomical labeling; BA, brodmann area; midCC, midcingulate cortex; SMA, 

supplementary motor area. 

  

Posterior Insula 48  38 -8 -4  7.78*†‡ 278 
Posterior Hippocampus 27  18 -36 8  7.71*‡ 110 
Superior Orbitofrontal Cortex 11  22 30 -16  7.59*†‡ 198 
Calcarine Cortex 17  18 -62 16  7.56*†‡ 582 
Cerebellar Vermis -  12 -50 -42  6.60*†‡ 168 
 -  8 -40 -8  4.02* 10 
Anterior Cingulate Cortex 11  10 34 8  5.42*†‡ 31 
 11  12 42 4  4.08* 12 
Caudate Head -  24 24 6  5.26* 9 
 -  16 24 0  4.52* 9 
SMA/midCC -  4 -16 50  5.05*‡ 20 
 -  16 6 64  4.82* 11 
Inferior Triangular Frontal Cortex 45  48 26 6  4.71*‡ 36 
Caudate -  20 -2 22  4.58*‡ 17 
Putamen 48  20 4 12  4.51* 14 
Precentral Gyrus 6  42 2 36  4.41* 16 
Anterior Fusiform Gyrus 36  34 -6 -42  4.39*‡ 26 
Superior Frontal Gyrus 46  24 52 20  4.26* 7 
Supramarginal Gyrus 48  50 -30 28  4.16* 5 
Precentral Gyrus 4  14 -22 70  3.85* 8 
Paracentral Gyrus 4  4 -32 74  3.85* 7 
 4  10 -24 62  3.56* 7 
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Table 2. Differences in serotonin transporter binding between 13 male controls, 14 male-to-female 

transsexuals and 9 female controls. 

*P< 0.001, uncorrected (voxel) with k ≥ 5 voxels (cluster). P < 0.05, FDR-corrected at †voxel and ‡cluster 

level. AAL, automated anatomical labeling; BA, brodmann area; FC, female controls; MC, male controls; 

MtF, male-to-female transsexuals. 

  

Region  MNI coordinates 
(mm) 

 Peak 

Anatomical Region (AAL) BA  x y z  T value Cluster Size 
(k) 

 
FC > MC 
Posterior Hippocampus L -  -24 -36 8  5.41* 25 
Supramarginal Gyrus R 7  24 -54 44  5.30* 7 
Middle Occipital Gyrus L 17  -24 -100 0  5.02* 5 
Cerebellar Vermis L -  -12 -48 -32  4.99* 8 
Parahippocampus L 30  -22 -28 -14  4.33* 8 
Inferior Parietal Cortex R 3  44 -34 54  4.26* 8 
 2  48 -36 50  3.96* 6 
Calcarine Gyrus L 17  -2 -88 -10  4.16* 16 
   -10 -92 -6  3.25* 6 
Supramarginal Gyrus L 2  -58 -26 42  3.92* 7 
 
MC > FC 
Gyrus Rectus 11  2 28 -16  3.85* 5 
 
FC > MtF 

        

Calcarine Gyrus R 18  18 -78 10  7.55*†‡ 95 
Middle Temporal Gyrus L 37  -54 -66 12  5.20* 8 
Precuneus R 29  6 -46 12  4.64* 16 
Cuneus R 17  12 -100 10  4.44* 8 
Superior Parietal Cortex L 7  -30 -68 52  4.33* 7 
Hippocampus L -  -22 -28 -6  4.15* 13 
Angular Gyrus R 7  24 -54 44  4.10* 8 
Calcarine Gyrus L 18  -4 -88 -12  3.90* 12 
Middle Temporal Gyrus L 21  -64 -30 0  3.89* 7 
 
MtF > FC 

        

Gyrus Rectus L 11  -6 28 -25  4.45* 11 
Inferior Temporal Cortex 20  50 -2 -34  4.25* 9 
Superior Ofbitofrontal Cortex 11  -10 52 -20  4.16* 5 
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Table 3. Serotonin transporter asymmetries in 13 males, 14 male-to-female transsexuals and 9 females 

(interaction: Group1 (R>L) > Group2 (R>L)) 

Region  MNI coordinates 
(mm) 

 Peak 

Anatomical Region (AAL) BA  x y z  T value Cluster Size 
(k) 

 
MC vs. FC 
Leftward asymmetries (L > R) 

        

Precentral Gyrus 6  -40 -2 48  4.56*‡ 23 
         
Rightward asymmetries (R > L)         
Caudate 48  24 24 8  5.86* 8 
Superior Temporal Pole 38  42 18 -30  5.04* 17 
midCC 23  4 -16 50  4.78* 8 
Middle Occipital Cortex 19  30 -68 30  4.50* 23 
Rostral Pons 35  10 -22 -22  4.13* 6 
 
MC vs. MtF 

        

Leftward asymmetries (L > R)         
Olfactory Gyrus 11  -22 14 -16  5.01* 11 
Superior Orbitofrontal Cortex 11  -24 48 -14  4.20* 9 
Middle Occipital Cortex 37  -52 -68 0  4.04* 5 
Superior Frontal Cortex 32  -18 50 22  4.00* 7 
 
Rightward asymmetries (R > L) 
midCC 23  2 -12 50  5.03*‡ 30 
Posterior Hippocampus -  32 -32 6  4.89* 18 
Inferior Orbitofrontal cortex 47  38 38 -8  4.79* 16 
Heschl’s Gyrus 48  34 -28 12  4.46* 8 
Paracentral Gyrus 4  8 -24 70  4.07* 5 
 
FC vs. MtF 

        

Leftward asymmetries (L > R)         
Calcarine Gyrus 18  -18 -80 8  5.99*‡ 35 
Middle Temporal Pole 38  -46 14 -30  4.83* 5 
Gyrus Rectus 48  -20 14 -14  4.73* 5 
Calcarine 18  -6 -84 16  3.89* 9 
         
Rightward asymmetries (R > L)         
Superior Temporal Gyrus 22  62 -24 6  5.52* 6 
Hypothalamus -  2 0 -10  5.25* 11 
Inferior Occipital Gyrus 19  38 -82 -6  5.01* 22 
Middle Temporal Gyrus 21  62 -30 -4  4.56* 10 
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*P< 0.001, uncorrected (voxel) with k ≥ 5 voxels (cluster). P < 0.05, FDR-corrected at ‡cluster level. AAL, 

automated anatomical labeling; BA, brodmann area; FC, female controls; MC, male controls; midCC, 

midcingulate cortex; MtF, male-to-female transsexuals. 

 

  

Lingual Gyrus 18  12 -88 -12  4.47* 8 
Posterior Hippocampus -  26 -34 4  4.14* 7 
Precentral Gyrus 6  50 -8 44  3.91* 6 
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3.2.1. Abstract 

Blocking of the serotonin transporter (SERT) and reaching occupancy levels of approximately 

80% in the striatum is considered to underlie the antidepressant effect of selective serotonin 

reuptake inhibitors (SSRIs). Interestingly, when compared to the striatum, higher SERT 

occupancy in the midbrain and lower values in the thalamus were reported. This indicates that 

occupancy might be differently distributed throughout the brain, which is mirrored by 

differences in relevance of brain regions in the recovery of depressive symptoms. The present 

study therefore aimed at investigating regional SERT occupancies with positron emission 

tomography and the radioligand [11C]DASB in 19 depressed patients after acute and prolonged 

intake of oral doses of either 10mg/day escitalopram or 20mg/day citalopram. Compared to the 

mean occupancy across cortical and subcortical regions, we detected increased SERT 

occupancies in regions commonly associated with antidepressant response, such as the 

subgenual cingulate, amygdala and raphe nuclei. When acute and prolonged drug intake was 

compared, SERT occupancies increased in subcortical areas that are known to be rich in SERT. 

Moreover, SERT occupancy in subcortical brain areas after prolonged intake of antidepressants 

was predicted by plasma drug levels. Similarly, baseline SERT binding potential seems to impact 

SERT occupancy as regions rich in SERT showed greater binding reduction as well as higher 

residual binding. These findings suggest a region-specific distribution of SERT blockage by SSRIs 

and focus the postulated link between treatment response and SERT occupancy to certain brain 

regions such as the subgenual cingulate cortex. 

 

ClinicalTrial / EudraCT Number: 2006-006576-38, https://eudract.ema.europa.eu/  

 

 

Keywords: antidepressant, occupancy, PET, serotonin transporter, subgenual cingulate cortex 
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3.2.2. Introduction 

In the last decades, neuroreceptor imaging studies using positron emission tomography (PET) 

have yielded new insights into psychiatric drug action, the neurobiological correlates of clinical 

response and the superiority of certain agents (Kasper et al., 2009; Talbot and Laruelle, 2002). 

Using the radioligand [11C]DASB, Meyer et al. showed a significant decrease of striatal serotonin 

transporter (SERT) binding in depressed patients after four weeks treatment with SSRIs 

compared to healthy subjects; occupancy levels of SERT were around 80% after treatment with 

either 20mg/day of paroxetine (83%) or 20mg/day of citalopram (77%) (Meyer et al., 2001). 

Following several month long intake of antidepressant agents, comparable findings were 

described using [11C]McN5652 for 10mg/day of clomipramine (81,1%) and 50mg/day of 

fluvoxamine (84,9%) (Suhara T and et al., 2003) as well as 20 to 40mg/day of paroxetine (82%) 

(Kent et al., 2002). However, when examining acute exposure to SSRIs, occupancy of SERT by 25 

to 100mg/day of sertraline were shown to be lower than the values described earlier by Meyer 

et al. (Parsey et al., 2006a). This could be explained by a down-regulation of SERT after chronic 

SSRI intake and thereby apparently increased occupancy of the SERT by the administered 

antidepressant (Benmansour et al., 1999; Lesch et al., 1993). A more recent study conducted by 

Meyer et al., which investigated SERT occupancy in 77 subjects after a month long intake of 

citalopram, fluoxetine, sertraline, paroxetine and venlafaxine, consistently showed occupancy 

levels of approximately 80% in the striatum across all antidepressants applied at minimum 

therapeutic doses, thereby suggesting this value might be a necessary minimum for an 

adequate treatment of depressive episodes (Meyer et al., 2004). Interestingly, in addition to 

striatal SERT binding, this study also focused on occupancy levels in other brain regions, 

revealing a higher SERT occupancy in the midbrain (8% higher) and lower values in the thalamus 

(8% lower) when compared to the striatum. This data indicates that SERT occupancy might not 

be equally distributed throughout the brain. 

 

Within the framework of major depression and antidepressant treatment, investigations into 

the regional distribution of SERT occupancy remain scarce. However, there is consistent 

evidence pointing toward a differentiated and specific regional involvement in mood disorders, 

e.g. role of the amygdala in emotion processing and the hippocampus and the anterior cingulate 
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cortex in cognitive performance in depression (Hoflich et al., 2012). Moreover, following the 

idea of regional selectivity (Lawler et al., 1999; Urban et al., 2007), one might suggest that SERT 

affinity and activity vary throughout the brain, as mechanisms regulating serotonin uptake, such 

as SERT internalization, may differ in their activity across brain areas. Furthermore, the 

expression of receptors and transporters within a given transmitter system are highly 

interrelated; it is well known from PET studies that binding and availability of SERT and 

serotonin receptors is differently distributed in various cortical and subcortical brain areas, e.g. 

high SERT binding potential in the thalamus, putamen and midbrain (Savli et al., 2012). 

Regarding serotonergic receptors, findings retrieved from animal studies emphasize regional 

differences in the coupling of serotonin-1A receptor to G proteins resulting in region-specific G 

protein subunits interacting with the receptor (Mannoury la Cour et al., 2006). Finally, there is 

evidence that serotonin levels differ throughout the brain with area-specific serotonin levels 

depending on related receptor distributions (Malagie et al., 2001; Pehrson et al., 2012). 

Pharmacological challenge studies suggest a topological difference in basal serotonin levels, as 

acute escitalopram infusion is accompanied by a serotonin increase that differs across regions, 

e.g. 6 to 7-fold increase in the frontal cortex and 20-fold increase in the dorsal raphe nucleus 

(DRN) compared to baseline (Tao et al., 2000). Regarding the distribution of SSRIs in the brain, 

Kugelberg et al. showed that citalopram concentrations differ between brain regions in a series 

of animal studies (Kugelberg et al., 2001; Kugelberg et al., 2003; Kugelberg et al., 2004). 

Citalopram concentrations were twofold higher in the cortex than in the midbrain of rats, which 

might be caused by regional differences in cerebral blood flow and lipophilicity (Fraser et al., 

2010). Affinity of citalopram, on the other hand, seems to be a constant variable throughout 

brain regions, namely the brainstrem, the basal ganglia and the frontal cortex (Zeng et al., 

2006a), although lipophilicity seems to partly determine tracer affinities (Laruelle et al., 2003). 

 

In the context of personalized medicine, a highly contested topic is whether SERT or SERT 

related dimensions, e.g. the serotonin transporter promoter polymorphisms 5-HTTLPR, might 

serve as predictive markers of treatment response in major depression (Holsboer, 2008). While 

several neuroimaging studies investigated pretreatment SERT availability and the outcome of 

SSRI treatment assessed by means of psychometric scales, the subject remains controversial 
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(Kugaya et al., 2004; Lanzenberger et al., 2012; Meyer et al., 2001; Meyer et al., 2004). 

However, as SERT occupancy of 80% was shown to represent a determining factor of treatment 

response (Meyer et al., 2004), one might suggest a certain connection between pretreatment 

SERT binding and the extent of SSRI mediated SERT blockage, particularly when investigating 

this across regions. Regarding the assessment of drug plasma levels, striatal SERT occupancy 

was shown to be correlated with citalopram plasma levels - with at least 50 ng/mL of citalopram 

necessary to achieve 80% SERT occupancy (Meyer et al., 2004). Plasma doses of less than 50 

ng/mL of citalopram were associated with an unfavorable treatment outcome (Ostad Haji et al., 

2011). 

 

The present study is conducted to address several of the issues mentioned above. Whereas a 

recent study by our group focused on the influence of SERT pretreatment binding potential and 

occupancy levels on the clinical outcome after SSRI intake by investigating potential predictors 

of treatment response, the present longitudinal study focuses solely on occupancy data and 

aims to further illuminate a regional differentiation of SERT occupancies within a more basic 

neuropharmacological approach. Firstly, we aim at investigating whether SERT occupancy is 

equally distributed in the brain in vivo using [11C]DASB in depressed subjects (Q1). A second 

objective is to substantiate differences in SERT occupancies between acute and chronic intake of 

SSRIs (Q2). Thirdly we aim to determine a potential relationship between baseline SERT 

expression and its change / reduction after treatment (Q3). Finally, the present study aims to 

clarify the association between regional SERT occupancies and SSRI plasma levels (Q4). 

Following both a region of interest (ROI) and a voxel-wise approach, our study benefits from the 

robustness and low disposition to noise within the ROI analysis, as well as a more detailed 

differentiation of occupancy by utilizing a voxel-wise processing of the PET data. 
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3.2.3. Methods 

Participants 

Nineteen out-patients suffering from major depression (13 females, 42.3±7.8 years (mean±sd)) 

were included in this study as described previously (Lanzenberger et al., 2012). Subject 

assessment included a Structured Clinical Interview (SCID) for DSM IV and the 17 item Hamilton 

Depression Rating Scale (HAM-D), physical and neurological examinations, routine blood tests, 

an electrocardiogram and a pregnancy test. Inclusion criteria were a HAM-D score of ≥16, no 

comorbid axis II disorder, major medical or neurological illness, no intake of antidepressant 

agents or other substances with high affinity for SERT for three months prior to scanning (four 

months for fluoxetine) and no history of drug abuse. All subjects gave written informed consent 

after detailed description of the study protocol. The study was approved by the Ethics 

Committee of the Medical University of Vienna. 

 

Study design 

Designed as a pooled longitudinal study, subjects received oral doses of either escitalopram (10 

mg/day, 10 subjects) or citalopram (20 mg/day, 9 subjects) (Lundbeck A/S, Denmark), as 

described previously (Lanzenberger et al., 2012). Since no significant differences in SERT 

occupancy between citalopram and escitalopram were observed, the data was pooled for 

further analysis in order to increase statistical power. Briefly, patients underwent three 

[11C]DASB PET scans: before treatment (PET 1), 6 hrs following the first SSRI dose (PET 2) and 6 

hrs after the last dose, which was administered daily for a minimum of 3 weeks (24.73±3.3 days, 

PET 3). 

 

Serum sampling 

Blood samples were taken approximately 10 min before each PET scan and plasma was 

immediately separated by an experienced clinician. Plasma was then frozen at −20 °C and S-

citalopram analysis of the plasma fraction was undertaken by Quintiles Bioanalytical Laboratory, 

Uppsala, Sweden (www.analytical‐services.se). 

http://www.analytical‐services.se/
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Positron emission tomography (PET) 

PET scans were performed at the Department of Nuclear Medicine, Medical University of 

Vienna with a GE Advance full-ring scanner (General Electric Medical Systems, Milwaukee, WI, 

USA) in 3D mode. Following a 5 min transmission scan using retractable 68Ge rod sources for 

tissue attenuation correction, data acquisition started simultaneously with a bolus injection of 

[11C]DASB. Brain radioactivity was measured in a series of 30 consecutive time frames with 90 

min total acquisition time divided into fifteen 1 min frames and fifteen 5 min frames. Collected 

data were reconstructed in volumes consisting of 35 trans-axial sections (128x128 matrix) using 

an iterative filtered back-projection algorithm (FORE-ITER) with a spatial resolution of 4.36 mm 

full-width at half maximum 1cm next to the center of the field of view. For radiotracer 

preparation and radiochemical variables, see (Haeusler et al., 2009; Lanzenberger et al., 2012). 

 

Serotonin transporter quantification and regions of interest 

Following between-frame motion correction, individual summed PET images where spatially 

normalized to a PET template in stereotactic Montreal Neurological Institute (MNI) space using 

SPM8 (Wellcome Trust Centre for Neuroimaging, London, UK; 

http://www.fil.ion.ucl.ac.uk/spm/). Quantification of the SERT binding potential (BPND) (Innis et 

al., 2007) was done using the multilinear reference tissue model (MRTM2) (Ichise et al., 2003). 

Cerebellar gray matter (excluding vermis and venous sinus) was used as reference region as 

recent post mortem and in vivo SERT quantification identified the cerebellar grey matter as 

optimal reference region for [11C]DASB (Meyer, 2007; Parsey et al., 2006b). All modeling 

calculations were performed using PMOD image analysis software, version 3.3 (PMOD 

Technologies Ltd, Zurich, Switzerland, www.pmod.com). SERT BPND was computed voxel-wise as 

well as in a ROI based approach. 22 ROIs were selected including subcortical structures such as 

the midbrain raphe nuclei, basal ganglia and thalamus, but also cortical regions with moderate 

to higher SERT binding such as the cingulate and temporal cortex (see Table 1 and Fig. 1 for the 

list of selected ROIs). Only regions and voxels with residual SERT BPND≥0.05 were included in 

subsequent analyses to avoid spurious occupancy values due to the low signal-to-noise ratio in 

http://www.fil.ion.ucl.ac.uk/spm/
http://www.pmod.com/
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these regions. For similar reasons, only ROIs and voxels that showed a decrease in SERT BPND 

over time were included. Given that SSRIs are defined by blocking the SERT, only positive 

occupancy values should reflect accurate drug occupancies. SERT occupancy was derived using 

the equation: Occupancy(%)=(1−BPND treatment /BPND baseline)×100. In order to avoid bias 

induced by manual delineation, ROIs (except for DRN and median raphe nucleus, MRN) were 

taken from a standardized ROI atlas (Fink et al., 2009; Stein et al., 2008) based on the 

automated anatomical labeling (AAL) brain atlas (Tzourio-Mazoyer et al., 2002). SERT binding in 

the DRN and MRN was defined manually in two slices of the template comprising spheres of 3 

mm radius (Kranz et al., 2012). 

 

Statistical Analysis 

To assess whether SERT occupancies show regional differences (Q1), mean occupancy values 

(across subjects) for each of the 8 subcortical ROIs were tested against an overall occupancy 

(across regions) representing the mean of these subcortical ROIs. The same procedure was done 

for the 14 cortical ROIs. To this end, one-sample t-tests were performed, using mean cortical 

and subcortical occupancy of Mcort=65.66 and Msubc=72.99 for PET 2, and Mcort=63.82 and 

Msubc=78.54 for PET 3 as test values. These values were also used to evaluate regional 

occupancy differences within the voxel-wise approach. Assessment of differences between SERT 

occupancies at PET 2 and PET 3 (Q2) for both the ROI- and voxel-based approach was done 

using repeated-measures ANOVA with either ROI or voxel and time (PET 2 and PET 3) as factors. 

Next, we assessed if SERT occupancies depend on pretreatment SERT binding (Q3). Simply 

correlating these two variables would produce a well-known statistical artifact, since 

correlations of any pretreatment value with changes of these values over time are 

mathematically inevitable (Gill et al., 1985). Two different approaches were adopted to solve 

this problem. First, regression analysis that predicted residual SERT BPND (PET 2 and 3, 

respectively) from baseline SERT BPND was computed. Second, correlation analysis between 

absolute SERT reduction and Oldham’s transformation, i.e., (baseline BPND+residual BPND)/2 

(Oldham, 1962) was performed. Thus, whereas the first approach assesses the relationship 

between baseline and residual SERT BPND, the second approach gives an unbiased correlation 

between baseline SERT BPND and its change after treatment (Tu and Gilthorpe, 2007). Both 
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approaches were performed for each ROI and voxel to assess the strength of associations for a 

defined brain region (subjects as single values). In a second step, means of ROIs were entered 

into the analyses as single values to assess the strength of associations across the brain (ROIs as 

single values). Finally, to test whether individual SERT occupancies depend on escitalopram 

plasma levels (Q4), separate Pearson correlations were performed for each ROI and voxel. 

Correction for multiple comparisons was done using Bonferroni and family-wise error rate 

(FWE), for ROI and voxel-wise analyses, respectively. SPSS version 18.0 for Windows (SPSS Inc., 

Chicago, IL, www.spss.com) was used for computation within the ROI-based approach. Voxel-

wise analysis was done using MATLAB and SPM8. 

 

3.2.4. Results 

Sample characteristics 

Most subjects benefited from treatment, with eleven out of nineteen subjects being responders 

(showing at least a 50% reduction in HAM-D scores) and seven of these becoming remitters with 

final HAM-D scores ≤7, see (Lanzenberger et al., 2012) for more details. Injected doses and 

specific activities for [11C]DASB did not differ between PET measurements (data not shown). 

 

Regional serotonin transporter occupancies (Q1) 

ROI based occupancy values approximately 6 hrs following the first SSRI dose (PET 2) ranged 

between 43.53±18.09% and 82.16±7.36%, with mean occupancy values of 65.66±10.60% for 

cortical, and 72.99±6.75% for subcortical regions. Testing the homogeneity of cortical 

occupancies using one-sample t-test (test value: 65.66) revealed that middle and inferior 

temporal cortex had significantly lowered occupancies, whereas the posterior (PCC) and 

subgenual cingulate cortex (sgCC) had significantly elevated occupancies (p<0.05, corrected). 

Likewise, subcortical regions such as the putamen and thalamus, exhibited decreased 

occupancies, whereas amygdala, DRN and MRN had elevated occupancy values (test value: 

72.99, see Table 1, Fig. 1). Results were mostly reflected within the voxel-wise approach, 

showing elevated cortical occupancy values within clusters extending to the sgCC and inferior 

http://www.spss.com/
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orbitofrontal cortex and lowered cortical occupancies in temporal but also frontal, parietal and 

occipital regions (test value: 65.66). Analogous results within the voxel-wise analysis were also 

observed for subcortical regions (test value: 72.99). Interestingly, the voxel-wise approach also 

revealed occupancy differences within a single anatomical region. Whereas occupancy was 

elevated within a ventral posterior part of the thalamus, a more anterior part had significantly 

lowered occupancies bilaterally (for a complete list of corrected and uncorrected values, see 

Table 2.1). 

 

 

Fig 1: Boxplots representing differential regional SERT occupancies after (upper row) single dosage (PET 

2) and (bottom row) steady state (PET 3) SSRI intake when tested against mean occupancy values for (a) 

cortical and (b) subcortical regions. Significant regional SERT occupancy deviations from the mean 

(horizontal line within each boxplot) are indicated by an asterisk (see Table 1 for means, SD and t-values). 

Numbers on the x-axis indicate the selected regions of interest ordered by mean occupancy strength: 1 

middle temporal gyrus; 2 inferior temporal gyrus; 3 precuneus, 4 superior temporal gyrus, 5 insula, 6 

orbitofrontal gyrus, 7 cuneus, 8 gyrus rectus, 9 superior medial frontal cortex, 10 medial cingulate, 11 

calcarine gyrus, 12 anterior cingulate, 13 posterior cingulate, 14 subgenual cingulate, 15 hippocampus, 
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16 putamen, 17 thalamus, 18 olfactory bulb, 19 caudate, 20 median raphe nucleus, 21 amygdala, 22 

dorsal raphe nucleus. 

 

Similar data were obtained when investigating SERT occupancy after three weeks of treatment 

(PET 3). Occupancy values ranged between 41.84±18.34% and 84.12±9.16% with a mean of 

63.82±12.21% for cortical and 78.54±7.52% for subcortical regions. Homogeneity of cortical 

occupancies was again not confirmed for the middle and inferior temporal cortex, which had 

significantly lowered occupancies, whereas the PCC and sgCC had significantly elevated 

occupancies (p<0.05, corrected, test value: 63.82). Similarly, occupancy values were different 

from the mean for several subcortical regions with the putamen having lowered occupancies, 

whereas amygdala, MRN and DRN had elevated occupancy values (p<0.05, corrected, test value: 

78.54, see Table 1). ROI based results were mostly confirmed by the voxel-wise approach (see 

Table 2.2). 

 

Serotonin transporter occupancies after acute and prolonged intake of SSRIs (Q2) 

Repeated-measures ANOVA with ROI and time (PET 2 and PET 3) as factors revealed a main 

effect of ROI (F(21,168)=27.558, p<0.001) but no main effect of time. Additionally, a significant ROI 

by time interaction (F(21,168)=3.627, p<0.001) was present, with post-hoc comparisons suggesting 

changes in occupancy over time in some but not in all brain regions: an increased occupancy 

after three weeks of treatment was seen only in subcortical regions, namely in DRN (T=-9.215, 

p<0.001) and MRN (T=-6.297, p<0.001), the amygdala (T=-3.806, p=0.001) and thalamus (T=-

4.885, p<0.001, all p<0.05 corrected), as well as a statistical trend in the caudate (T=-3.118, 

p=0.006). These results were mostly confirmed by the voxel-wise analysis, revealing significant 

clusters restricted to the midbrain raphe nuclei (T=12.61, 2/-22/-8 mm (x/y/z)), basal ganglia 

(T=11.49, -6/2/-8 mm) and bilateral thalamus (T=9.72, 2/-14/6 mm, T=8.37, -8/-22/4 mm, 

p<0.05 corrected, k>5 voxels). 
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Predictors of serotonin transporter occupancies (Q3 and Q4) 

Assessing the predictive value of pretreatment SERT binding on residual binding for each brain 

region (at PET 2 and PET 3) only revealed a positive association for the sgCC (PET 2: R2=0.43, 

β=0.68, T=3.73, p<0.05 corrected; PET 3: R2=0.45, β=0.7, T=3.74, p<0.05 corrected), a borderline 

significance for the hippocampus (PET 3, R2=0.41, β=0.67, T=3.6, p=0.002, uncorrected) and 

trends for orbitofrontal cortex and anterior cingulate (see Table A1 for a list of corrected and 

uncorrected values). Interestingly, voxel-wise analysis revealed partially different results. For 

PET 2, peak associations were found in the right caudate (T=9.39, R2=0.83, 14/24/-2 mm); right 

anterior cingulate (T=8.74, R2=0.81, 14/32/26 mm) and left temporal pole (T=7.24, R2=0.75, -

38/8/-20 mm) whereas for PET 3, associations were present in the sgCC (T=8.70, R2=0.81, 2/20/-

4 mm), right temporal pole (T=8.55, R2=0.80, 40/12/-30 mm) and left middle occipital cortex 

(T=7.72, R2=0.77, -44/-64/2 mm, all p<0.05 corrected, k>5 voxels). That is, subjects with higher 

pretreatment SERT binding in these regions also had significantly higher residual SERT binding 

after treatment. 

 

 

Fig 2. Sagittal views of voxel-wise maps representing the averaged SERT occupancies after (a) single 

dosage (PET 2) and (b) steady state (PET 3) escitalopram or citalopram intake, overlaid onto structural 

MRI planes. Occupancy values are given in the color table. (c) and (d) show increased SERT occupancies at 

PET 3 compared to PET 2. Significant clusters are restricted to basal ganglia, thalamus and midbrain, 

p<0.05 corrected, k>5 voxels. Crosshair at -4/-23/-8 mm. Left is left. 

 

Assessing the association between the mean of baseline and residual SERT binding (Oldham’s 

transformation) and absolute change after treatment within the ROI-based approach revealed 
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highly significant positive correlations for both PET 2 and PET 3 in most subcortical regions, as 

well as the PCC and sgCC (all p<0.05 corrected, see Table 3 and Fig. 3). Correlations were partly 

confirmed within the voxel-wise approach (see Table A2). These results therefore represent a 

strong and unbiased test for differential baseline effects of SERT BPND on change after both 

acute and prolonged SSRI treatment in these regions. 

 

Fig 3. Prediction of residual SERT binding and steepness of SERT decline at PET 2 (upper row) and PET 3 

(bottom row) by pretreatment SERT binding. (a) Scatter plots representing the association between 

pretreatment and residual SERT binding in the subgenual cingulate cortex (sgCC). (b) Association between 

the mean of pretreatment and residual SERT binding and absolute reduction of SERT binding in the sgCC, 

amygdala and the dorsal raphe nucleus (DRN). 

 

Regression analysis across the brain using ROI means as single values revealed a strong positive 

effect of pretreatment SERT binding on residual SERT binding at PET 2 (R2=0.92, β =0.96 

T=15.10, p<0.001) and PET 3 (R2=0.80, β =0.89 T=8.94, p<0.001). Thus, when averaged across 

subjects, regions with higher SERT binding before treatment had higher residual SERT binding 

after approximately six hours and three weeks of treatment. Similarly, high associations were 

found between Oldham’s transformation and absolute change after treatment across brain 

regions, revealing highly significant positive correlations for both PET 2 and PET 3 (both r=0.99, 
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p<0.001). That is, regions with higher baseline SERT BPND were significantly more down-

regulated / occupied by acute and prolonged SSRI treatment (see Fig. 4). Statistical assumptions 

of homoscedasticity and normal distribution of residuals were met. 

 

Fig 4. Scatter plots representing the association between (a) regional SERT pretreatment binding and 

residual binding at PET 2 (upper row) and PET 3 (bottom row) and between (b) the mean of pretreatment 

and residual SERT binding and absolute reduction of SERT binding. Dots represent mean values for each 

region across subjects. 

 

Finally, correlation analysis between escitalopram plasma levels and occupancy at PET 2 

revealed no significant associations for any ROI or voxel, not even when looking at uncorrected 

values. For PET 3, ROI analysis revealed significant correlations for caudate and putamen, 

thalamus and DRN (P<0.05, corrected, see Table 4, Fig. 5). These results were confirmed by the 

voxel-wise analysis, showing clusters mostly restricted to the midbrain and diencephalon, with 

two clusters in the basal ganglia surviving FWE correction (see Table A3). These findings imply 

that individual plasma levels of escitalopram affect SERT occupancy after continuous treatment 
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in the midbrain, thalamus and basal ganglia. However, they barely affect SERT occupancy after 6 

hrs of drug intake. 

 

 

Fig 5: Association between escitalopram plasma level and SERT occupancy at steady state treatment (PET 

3) in the dorsal raphe nucleus (DRN, pink checkers), caudate (blue triangles), thalamus (green circles) and 

putamen (orange squares). Data were fitted by a hyperbolic curve of the form f(x)=a*x/(b+x), where f(x) 

refers to occupancy and x refers to escitalopram plasma level. Data are mostly restricted to the upper 

half of the curve above the bend which is due to the administration of a constant dosage of 20 mg of 

citalopram and 10 mg of escitalopram, respectively. Therefore, data are fitted better using a linear 

relationship. We thus used Pearson product-moment correlation analysis to assess the association 

between plasma and occupancy (see methods). 

 

3.2.5. Discussion 

Using two different approaches, namely ROI based and voxel-wise computations, we detected 

an interregional divergence of SERT occupancy levels as well as a difference of SERT occupancy 

when comparing acute and prolonged citalopram/escitalopram intake. In addition, we found 
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two potent predictors of regional SERT occupancy, namely SERT binding potential at baseline 

and drug plasma levels. Each finding will be discussed below in detail. 

 

Our first hypothesis investigated whether SERT occupancy levels were equally distributed 

throughout the brain and consequently if this applies to citalopram/escitalopram 

concentrations within brain regions (Q1). Assuming homogeneity of drug concentrations and 

supposing a brain-wide uniform affinity of the drug and the radiotracer [11C]DASB (Zeng et al., 

2006b), one might in fact imply similar SERT occupancies across all brain regions. That is, as 

occupancy refers to a relative measure, one might expect SERT occupancies of approximately 

80% all over the brain for an effective dose of citalopram of 20mg daily (Meyer et al., 2004). 

However, if one of the above mentioned conditions is not satisfied, one would advocate for a 

topologically varying SERT occupancy, as is supported by the present study. We found elevated 

cortical SERT occupancies in PCC and sgCC and reduced values in the temporal cortex compared 

to the mean cortical occupancy level. Regarding subcortical ROIs, heightened SERT occupancies 

were detected in the amygdala, the MRN and DRN whereas subparts of the thalamus and 

putamen exhibited both lowered and elevated occupancy values (see Fig. 2, Table 1 and Table 

2). These findings are in concordance with an earlier PET investigation showing higher SERT 

occupancy in the midbrain and lower occupancy in the thalamus compared to the striatum 

(Meyer et al., 2004). Furthermore, increased occupancies in the sgCC, amygdala and 

ventrocaudal thalamus near epithalamus are in accordance with the mechanistic explanation of 

our previous finding regarding the prediction of treatment efficacy by baseline SERT binding 

ratios (Lanzenberger et al., 2012). The above mentioned brain areas showing elevations from 

the mean occupancy values cortically and subcortically, as the midbrain raphe, the amygdala, 

the PCC and sgCC represent key structures in the pathobiology and treatment of major 

depression (Drevets et al., 2008; Hoflich et al., 2012; Johansen-Berg et al., 2008). Hence, the 

increased occupancy levels in these areas derived from our data strengthen the reported 

conceptual link between SERT occupancy and treatment of mood disorders (Lanzenberger et al., 

2012; Mayberg, 2009). The assumption of an unequal regional occupancy distribution is in line 

with earlier animal studies postulating region-specific citalopram concentration (Kugelberg et 

al., 2001; Kugelberg et al., 2003; Kugelberg et al., 2004), although see (Kingback et al., 2011). A 
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possible causal mechanism suggested by Kugelberg et al. might be that a different degree of 

lipophilicity in various brain areas determines SERT occupancy by the SSRI (Kugelberg et al., 

2001). By contrast, Takano et al. found no significant regional differences in SERT occupancy 

among the prefrontal cortex, the hippocampus, the amygdala, the thalamus and the striatum 

after administration of 50 mg of fluvoxamine in healthy subjects (Takano et al., 2006). However, 

one might mention that the population in this PET study was restricted to six participants 

(Takano et al., 2006). Nonetheless, the strong difference in means of SERT occupancy between 

cortical and subcortical brain regions - used as test values for the one-sample t-test (Q1) - 

supports the concept of regional variability of SERT occupancy and/or SSRI distribution. The fact 

that subcortical SERT occupancy was on average found to be higher in contrast to cortical SERT 

occupancy implies that occupancy levels might be determined by pretreatment SERT 

expression, given the consistently reported elevated SERT expression in subcortical compared to 

cortical regions (Savli et al., 2012). 

 

In this context, the potential relationship between baseline SERT binding and SERT reduction / 

residual SERT binding after treatment was addressed (Q3). Individuals with higher baseline SERT 

binding levels exhibited elevated residual SERT binding in the sgCC, with statistical trends in 

hippocampus, anterior cingulate and orbitofrontal regions (see Table A1 and Fig. 3a). That is, as 

SERT BPND refers to both radiotracer affinity (KD) and transporter availability (Bmax), and given a 

consistent affinity throughout brain regions, one would expect residual SERT binding as being 

solely dependent on transporter availability. Thus, one would expect an association between 

pretreatment and residual SERT binding throughout the brain, though not restricted to only few 

regions, as observed in our study. Interestingly, we observed a strong correlation between 

pretreatment SERT binding potential and the extent of SERT binding reduction also only in few 

regions, namely the sgCC and subcortical regions (see Table 3 and Table A2, Fig. 3b). Given a 

uniform affinity for citalopram/escitalopram, SERT blockage by the drug should also dependent 

on pretreatment binding and one should – again – expect correlations throughout the brain, 

and not restricted to only few regions, as observed in our study. Hence, pretreatment SERT 

availability seems to be related to both residual SERT availability and SERT blockage by 

citalopram/escitalopram only for the sgCC, interestingly, a region that is known to be involved in 
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the treatment of mood disorders (Mayberg, 2009). To obtain a thorough understanding of SERT 

occupancy by SSRIs, regions of interest in SERT occupancy studies may therefore also include 

the sgCC in addition to striatum or putamen, which are typically used (Lundberg et al., 2012; 

Meyer et al., 2004). However, when averaged across subjects, regions with higher baseline SERT 

binding also exhibited higher residual binding and increased binding reduction (Fig. 4). This 

suggests that the dependence of residual SERT binding and binding reduction on pretreatment 

binding is also observed when potentially confounding or mediating variables such as subject’s 

age or individual plasma levels of the drug are not considered. 

 

On the other hand, within a given region, one might very well expect an influence of drug 

plasma levels on SERT occupancy (Q4). Hence, it is quite astonishing that we did not detect a 

significant correlation between SERT occupancy and escitalopram plasma levels 6 hrs after the 

first drug intake (PET 2). However, following approximately three weeks of SSRI administration, 

plasma levels correlated well with SERT occupancy in subcortical regions including the DRN, 

thalamus, caudate and putamen. Accordingly, several earlier PET studies determined this 

association between SERT occupancy after chronic intake of different antidepressant agents 

(amitryptiline, clomipramine, fluoxetine, citalopram, venlafaxine, sertraline, paroxetine) 

(Lundberg et al., 2012; Meyer et al., 2004). These findings imply that the region-specific impact 

of antidepressant agents on SERT occupancy only becomes evident after chronic SSRI intake. As 

the antidepressant effect of SSRI is known to begin after a certain latency period of several 

weeks (Blier and de Montigny, 1999; El Mansari et al., 2005), one may link plasma 

concentrations of the drug to treatment efficacy only after its effect on SERT occupancy has 

been established. 

A further issue of the present study dealt with the comparison of SERT occupancies after acute 

and continuous SSRI treatment (Q2). We found significantly increased SERT occupancy in 

subcortical regions including the midbrain raphe region, basal ganglia, thalamus and the 

amygdala at PET 3 (see Fig. 1c). Indeed, this might be explained by a more pronounced SERT 

internalization after prolonged intake of antidepressants (Benmansour et al., 1999). 

Additionally, since SERT expression and activity seems to be usage-dependent (Ramamoorthy 

and Blakely, 1999; Steiner et al., 2008), one could expect an increased down-regulation of SERT 
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binding in brain regions originally exhibiting more SERT, such as the midbrain raphe region, the 

thalamus and basal ganglia, which matches well our findings. This would imply that prolonged – 

in contrast to acute – intake of citalopram/escitalopram exclusively impacts on subcortical 

regions which in turn challenges recent theoretical concepts of mechanisms for clinical response 

to SSRIs (Best et al., 2011). However, a study assessing the effects of prolonged exposure to 

various SSRIs on SERT availability using antibody detection showed that – besides SSRIs – 

serotonin by itself could induce SERT internalization while cocaine even elevated SERT surface 

expression despite exerting an effect similar to SSRIs (Kittler et al., 2010). Further long term 

treatment studies should be conducted to investigate a potential down-regulation of the SERT. 

 

It is worth mentioning that our results are mostly in agreement, regardless of a ROI-based or a 

voxel-wise approach. However, some inconsistencies between both approaches remain, which 

may be attributed to inhomogeneity in SERT occupancy even within a defined brain region. As 

SERT occupancy depends on pretreatment binding, one might expect inhomogeneity in SERT 

expression also within an ROI. This is in accordance with previous findings using postmortem 

quantitative receptor autoradiography, showing that the distribution of serotonin receptors do 

not necessarily follow the common parcellations based on the cytoarchitecture defined in 

neuroanatomical atlases such as Brodmann’s or AAL (Scheperjans et al., 2005; Zilles and 

Amunts, 2009). A further limitation to the study might be that no arterial blood sampling was 

available for this data set of 19 subjects. We were therefore not able to investigate differences 

in specific binding within the reference region (cerebellum) (Hinz et al., 2008; Parsey et al., 

2006a). Here, the quantification of SERT binding potential relies on the reference model MRTM2 

(Ichise et al., 2003), where computations are also based on unspecific SERT binding potential in 

the cerebellar gray. We cannot rule out that unspecific SERT binding potential differs between 

regions. However, this does not necessarily pose difficulties as the focus of this study is set on 

occupancy data, contrasting SERT binding before and after medication intake. We assume that 

the potential regional variability in unspecific binding might remain constant in all three PET 

scans. In order to provide a sufficiently large sample size in this PET study, all subjects were 

grouped despite differences in the study drug used, namely citalopram versus escitalopram. 

These were shown to exhibit different SERT occupancies in a previous study including eight 
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healthy male subjects using a different radiotracer (11C[MADAM]) and solely comparing SERT 

occupancies after single-dose intake (Lundberg et al., 2012). Additionally, one might not leave 

unmentioned that the present study sample largely overlaps with the data set used in a 

previous investigation by our group centered on the prediction of SSRI treatment response by 

baseline SERT binding (Lanzenberger et al., 2012). However here, the focus is not set on the 

clinical outcome but on basic neuropharmacological issues regarding SERT occupancy levels 

following newly conducted extensive and highly complex data analyses according to other 

criterions (see methods sections). 

 

3.2.6. Conclusion 

The results of this study indicate regional differences in serotonin transporter occupancy by 

acute and prolonged treatment with SSRIs. Furthermore, our study reveals a strong but 

regionally restricted dependence of SERT blockage and residual availability on pretreatment 

transporter availability and drug plasma concentrations. These findings substantiate the 

postulated link between treatment response and SSRI blockage of the SERT while confining it to 

certain brain regions such as the subgenual cingulate cortex. 
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Table 1: Regional SERT occupancy levels compared to mean cortical and subcortical SERT occupancies 

(test values given in the table) in 14 cortical and 8 subcortical regions of interest. *p<0.05 Bonferroni 

corrected. 

 

 

 

  

 PET 2 PET 3 

 mean SD t df p mean SD t df p 

cortical ROI test value = 65.66 test value = 63.82 

middle temporal gyrus 43.53 18.09 -5.19 17 <0.001* 41.84 18.34 -5.09 17 <0.001* 

inferior temporal gyrus 47.4 20.67 -3.76 17 0.002* 43.53 20.65 -4.17 17 0.001* 

precuneus 58.5 18.43 -1.76 15 0.141 50.1 26.49 -2.14 16 0.049 

superior temporal gyrus 60.54 16.08 -1.35 17 0.194 54.83 22.16 -1.72 17 0.103 

insula 64.54 11.12 -0.44 18 0.666 66.08 13.86 0.71 18 0.487 

orbitofrontal cortex 66.12 16.5 0.12 18 0.904 65.69 14.7 0.54 17 0.597 

cuneus 67.21 16.85 0.37 15 0.717 67.56 20.82 0.74 16 0.469 

gyrus rectus 67.44 11.65 0.67 18 0.514 68.59 15.19 1.37 18 0.188 

superior medial frontal cortex 68.53 18.33 0.61 14 0.554 66.28 23.78 0.37 12 0.716 

medial cingulate 70.53 12.41 1.67 17 0.114 66.26 20.28 0.52 18 0.607 

calcarine gyrus 71.45 16.14 1.52 17 0.146 67.68 15.76 1.01 16 0.328 

anterior cingulate 72.8 20.7 1.5 18 0.152 72.34 14.12 2.56 17 0.02 

posterior cingulate 78.49 11.65 4.12 13 0.001* 78.55 16.27 3.51 14 0.003* 

subgenual cingulate 82.16 7.36 9.51 17 <0.001* 84.12 9.16 9.14 16 <0.001* 

subcortical ROI test value = 72.99 test value = 78.54 

hippocampus 65.01 15.33 -2.27 18 0.036 70.06 15.9 -2.26 17 0.037 

putamen 66.71 5.27 -5.19 18 <0.001* 71.1 6.32 -5.12 18 <0.001* 

thalamus 67.92 6.46 -3.42 18 0.003* 73.83 6.72 -3.05 18 0.007 

olfactory bulb 70.4 8.14 -1.39 18 0.182 74.84 8.67 -1.86 18 0.079 

caudate 72.1 5.14 -0.76 18 0.458 77 6.42 -1.04 18 0.311 

median raphe 78.14 6.16 3.641 18 0.002* 85.13 4.75 6.04 18 <0.001* 

amygdala 81.78 6.48 5.909 18 <0.001* 87.58 6.74 5.69 17 <0.001* 

dorsal raphe 81.88 4.52 8.57 18 <0.001* 88.78 3.56 12.56 18 <0.001* 
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Table 2.1: Regional SERT occupancy levels compared to mean cortical and subcortical SERT occupancies 

(test values given in the table 1) at PET 2 following a voxel-wise approach. *p<0.05 FWE corrected voxel-

level, p<0.001 uncorrected voxel-level, cluster extent treshhold k>5 voxel, MNI coordinates in mm, L left, 

R right. 

Anatomical Region (AAL)  MNI Coordinates    

 BA x y z t p Cluster Size 
     regional occupancy > mean cortical occupancy at PET 2 

inferior orbitofrontal cortex L 38 -24 16 -20 8.37 <0.001* 41 
subgenual cingulate cortex L 11 -2 30 -10 6.29 <0.001 - 
lingual gyrus L 19 -16 -50 -4 5.82 <0.001 24 

middle cingulate R 24 4 14 32 5.76 <0.001 93 
parahippocampal gyrus L 35 -20 -18 -22 5.28 <0.001 7 
heschl gyrus R 48 38 -20 12 4.75 <0.001 30 

middle cingulate gyrus 23 0 -18 34 4.52 <0.001 10 
anterior cingulate L 24 -6 32 20 4.46 <0.001 22 
anterior cingulate 24 0 36 12 4.35 <0.001 17 

superior temporal gyrus L 48 -42 0 -12 4.11 <0.001 7 
middle cingulate L 23 -2 -4 38 4.03 <0.001 9 
  regional occupancy < mean cortical occupancy at PET 2 

middle temporal gyrus R 37 44 -70 14 12.24 <0.001* 4576 
middle frontal gyrus L 46 -34 52 20 8.87 <0.001* 1865 
middle temporal gyrus L 37 -56 -54 4 8.62 <0.001* 5100 

middle orbitofrontal gyrus R 11 28 60 -8 7.75 <0.001* 1070 
precuneus R 7 6 -70 48 6.46 <0.001 537 
inferior triangular frontal gyrus L 45 -46 24 4 6.20 <0.001 256 

cuneus R - 6 -70 28 5.44 <0.001 90 
precuneus L - -8 -50 36 4.93 <0.001 22 
inferior triangular frontal gyrus L 44 -38 16 32 4.62 <0.001 33 

parahippocampal gyrus R 20 30 -30 -12 4.61 <0.001 15 
middle frontal gyrus R 6 36 -2 58 4.61 <0.001 35 
insula R 48 46 10 6 4.50 <0.001 39 

inferior triangular frontal gyrus R 48 42 20 30 4.41 <0.001 8 
insula R 48 42 18 4 4.34 <0.001 29 
superior orbitofrontal cortex L 11 -14 36 -20 4.32 <0.001 8 

middle frontal gyrus L 46 -36 28 40 4.29 <0.001 11 
middle frontal gyrus L 8 -26 28 50 4.26 <0.001 31 
precentral gyrus L 6 -34 0 62 4.26 <0.001 16 

fusiform gyrus R 19 26 -62 10 4.24 <0.001 8 
precentral gyrus R 44 44 10 34 4.11 <0.001 27 
inferior occipital gyrus L 18 -28 -90 -10 4.10 <0.001 12 

precuneus R 7 2 -68 56 4.09 <0.001 6 
precentral gyrus L 6 -42 2 48 3.95 <0.001 6 
inferior orbitofrontal cortex R 47 38 40 -8 3.95 <0.001 7 
     regional occupancy > mean subcortical occupancy at PET 2 

midbrain (tectum) - 2 -30 -4 14.35 <0.001* 952 
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midbrain (DRN)  0 -26 -6 13.41 <0.001* - 
thalamus R - 6 -28 4 8.56 <0.001*  
amygdala L 34 -20 0 -20 8.10 <0.001* 107 

caudate R - 8 14 0 7.86 <0.001* - 
amygdala R 35 14 -8 -16 7.56 <0.001 109 
caudate L - -12 8 10 5.63 <0.001 - 

pons L - -6 -26 -32 5.12 <0.001 14 
  regional occupancy < mean subcortical occupancy at PET 2 

thalamus R - -12 -10 6 10.43 <0.001* - 

thalamus L - 10 -14 4 9.16 <0.001* - 
putamen R - -10 -22 -14 8.98 <0.001* - 
putamen L - 10 -24 -14 7.34 <0.001 - 

amygdala R - 34 4 0 6.27 <0.001 - 
hippocampus L - -28 4 -4 5.81 <0.001 - 
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Table 2.2: Regional SERT occupancy levels compared to mean cortical and subcortical SERT occupancies 

(test values given in the table 1) at PET 3 following a voxel-wise approach. *p<0.05 FWE corrected voxel-

level, p<0.001 uncorrected voxel-level, cluster extent treshhold k>5 voxel, MNI coordinates in mm, L left, 

R right.  

Anatomical Region (AAL)  MNI Coordinates    

 BA x y z t p Cluster Size 
     regional occupancy > mean cortical occupancy at PET 3 

middle cingulate gyrus L 24 -4 2 40 6.66 <0.001 154 

lingual gyrus R 17 2 -80 4 5.57 <0.001 87 
lingual gyrus L 18 -14 -56 -2 5.31 <0.001 36 
calcarine gyrus  17 0 -84 0 4.93 <0.001 7 

fusiform gyrus L 30 -28 -22 -28 4.57 <0.001 6 
superior temporal pole L 38 -40 20 -28 4.53 <0.001 8 
supplementary motor area L 6 -8 -16 56 4.39 <0.001 6 

anterior cingulate L 24 -6 30 22 4.35 <0.001 15 
lingual gyrus R 18 14 -56 -4 4.31 <0.001 6 
supplementary motor area R - 6 -4 50 4.15 <0.001 13 

anterior cingulate R 24 6 26 24 3.96 <0.001 6 
middle cingulate gyrus R 24 6 12 36 3.95 <0.001 10 
  regional occupancy < mean cortical occupancy at PET 3 

middle temporal gyrus R 37 54 -58 16 10.68 <0.001* 3860 
middle temporal gyrus L 37 -54 -60 16 9.16 <0.001* 4708 
middle frontal gyrusL 10 -30 62 0 6.95 <0.001 1287 

middle frontal gyrus R 46 36 54 14 6.22 <0.001 618 
inferior frontal operculum L 48 -48 12 0 6.06 <0.001 311 
superior frontal gyrus L 10 -18 50 10 4.75 <0.001 18 

precuneus R - 10 -48 50 4.56 <0.001 18 
precuneus L - -8 -58 34 4.63 <0.001 68 
middle frontal gyrus L 46 -20 46 18 4.63 <0.001 7 

rolandic operculum R 48 52 10 6 4.58 <0.001 30 
inferior frontal operculum R 44 42 16 30 4.51 <0.001 26 
precentral gyrus L 6 -40 0 50 4.45 <0.001 12 

fusiform gyrus R 20 44 -28 -26 4.41 <0.001 12 
middle frontal gyrus R 6 30 -2 56 4.38 <0.001 9 
middle frontal gyrus R 45 42 30 32 4.34 <0.001 12 

superior orbitofrontal cortex L 11 -14 64 -12 4.32 <0.001 9 
precuneus L - -2 -70 34 4.31 <0.001 28 
cuneus R - 8 -70 28 4.24 <0.001 9 

precuneus R - 6 -66 50 4.21 <0.001 16 
precuneus L - -6 -66 50 4.19 <0.001 17 
inferior frontal operculum R 48 42 12 8 4.14 <0.001 28 

middle frontal gyrus R 8 30 24 44 4.00 <0.001 8 
    regional occupancy > mean subcortical occupancy at PET 3 

midbrain (tectum) - 0 -30 -6 15.21 <0.001* 888 
thalamus R - 8 -30 2 7.21 <0.001 - 
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caudate L - -6 14 -6 6.85 <0.001 - 
caudate R - 10 16 0 5.76 <0.001 - 
midbrain (median raphe nucleus) - 0 -32 -18 4.62 <0.001 8 
  regional occupancy < mean subcortical occupancy at PET 3 

thalamus R - 12 -14 2 13.76 <0.001* - 
thalamus L - -12 -12 6 12.14 <0.001* - 

putamen R - 32 12 4 9.42 <0.001* - 
putamen L - -30 4 6 8.12 <0.001* - 
amygdala R - 34 -2 -22 5.38 <0.001 17 

hippocampus L - -24 -10 -22 4.65 <0.001 - 

 

  



87 
 

Table 3: Correlation analysis between absolute SERT reduction and Oldham’s transformation at PET 2 

and PET 3 (baseline BPND + residual BPND)/2 in 22 regions of interest. *p<0.05 Bonferroni corrected. 

  

  

ROI PET 2 PET 3 
 r p r p 

middle temporal gyrus 0.03 0.894 0.14 0.563 
inferior temporal gyrus 0.16 0.523 0.01 0.978 
precuneus 0.37 0.119 0.34 0.16 
superior temporal gyrus 0.3 0.205 0.08 0.747 
insula 0.62 0.005 0.39 0.102 
orbitofrontal cortex 0.47 0.044 0.43 0.066 
cuneus 0.48 0.036 0.41 0.078 
gyrus rectus 0.56 0.013 0.37 0.121 
superior medial frontal cortex 0.49 0.064 0.28 0.348 
medial cingulate 0.6 0.006 0.57 0.011 
calcarine gyrus 0.61 0.005 0.6 0.007 
anterior cingulate 0.54 0.016 0.64 0.003 
posterior cingulate 0.72 0.001* 0.79 <0.001* 
subgenual cingulate 0.81 <0.001* 0.68 0.002* 
hippocampus 0.49 0.035 0.23 0.345 
putamen 0.82 <0.001* 0.83 <0.001* 
thalamus 0.86 <0.001* 0.82 <0.001* 
olfactory bulb 0.8 <0.001* 0.73 <0.001* 
caudate 0.88 <0.001* 0.82 <0.001* 
median raphe 0.91 <0.001* 0.93 <0.001* 
amygdala 0.84 <0.001* 0.83 <0.001* 
dorsal raphe 0.94 <0.001* 0.96 <0.001* 
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Table 4: Correlation analysis between escitalopram plasma levels and SERT occupancy at PET 2 and PET 

3 in 22 regions of interest. *p<0.05 Bonferroni corrected. 

 

  

ROI PET 2 PET 3 
 r p r p 

middle temporal gyrus 0.03 0.894 0.14 0.563 
inferior temporal gyrus 0.16 0.523 0.01 0.978 
precuneus 0.37 0.119 0.34 0.16 
superior temporal gyrus 0.3 0.205 0.08 0.747 
insula 0.62 0.005 0.39 0.102 
orbitofrontal cortex 0.47 0.044 0.43 0.066 
cuneus 0.48 0.036 0.41 0.078 
gyrus rectus 0.56 0.013 0.37 0.121 
superior medial frontal cortex 0.49 0.064 0.28 0.348 
medial cingulate 0.6 0.006 0.57 0.011 
calcarine gyrus 0.61 0.005 0.6 0.007 
anterior cingulate 0.54 0.016 0.64 0.003 
posterior cingulate 0.72 0.001* 0.79 <0.001* 
subgenual cingulate 0.81 <0.001* 0.68 0.002* 
hippocampus 0.49 0.035 0.23 0.345 
putamen 0.82 <0.001* 0.83 <0.001* 
thalamus 0.86 <0.001* 0.82 <0.001* 
olfactory bulb 0.8 <0.001* 0.73 <0.001* 
caudate 0.88 <0.001* 0.82 <0.001* 
median raphe 0.91 <0.001* 0.93 <0.001* 
amygdala 0.84 <0.001* 0.83 <0.001* 
dorsal raphe 0.94 <0.001* 0.96 <0.001* 



89 
 

3.2.8. Appendices 

 

Table A1: Regression analysis of residual SERT binding on pretreatment SERT binding in 22 regions of 

interest. *p<0.05 Bonferroni corrected, values are given as corrected r2 and standardized β. 

 

  

ROI PET 1-2 PET 1-3 
 r2 β t p r2 β t p 

middle temporal gyrus 0.27 0.56 2.76 0.013 0.28 0.57 2.86 0.011 
inferior temporal gyrus 0.04 0.3 1.3 0.212 0.06 0.34 1.46 0.161 
precuneus 0.25 0.54 2.52 0.024 0.05 0.33 1.37 0.191 
superior temporal gyrus 0.13 0.42 1.93 0.07 0.05 0.33 1.39 0.184 
insula 0.26 0.55 2.73 0.014 0.12 0.41 1.83 0.085 
orbitofrontal cortex 0.3 0.58 2.97 0.009 0.18 0.48 2.17 0.046 
cuneus 0.16 0.46 1.99 0.066 0.06 0.34 1.4 0.183 
gyrus rectus 0.32 0.6 3.08 0.007 0.32 0.6 3.05 0.007 
superior medial frontal cortex 0.01 0.27 1.05 0.311 0.01 0.29 1.09 0.295 
medial cingulate 0.1 0.39 1.76 0.1 0.12 0.41 1.86 0.081 
calcarine gyrus 0.14 0.43 1.98 0.065 -0.01 0.23 0.92 0.374 
anterior cingulate 0.31 0.59 3.03 0.008 0.32 0.6 3.03 0.008 
posterior cingulate 0.07 0.37 1.42 0.179 0.07 0.36 1.41 0.183 
subgenual cingulate 0.43 0.68 3.73 0.002* 0.45 0.7 3.74 0.002* 
hippocampus 0.25 0.54 2.67 0.016 0.41 0.67 3.6 0.002 
putamen 0.23 0.52 2.53 0.021 -0.04 0.12 0.48 0.635 
thalamus 0.1 0.39 1.73 0.101 -0.03 0.17 0.72 0.48 
olfactory bulb 0.25 0.54 2.66 0.017 0.15 0.44 2.04 0.057 
caudate 0.28 0.56 2.8 0.012 0.03 0.29 1.26 0.225 
median raphe 0.003 0.24 1.03 0.319 0.01 0.25 1.08 0.294 
amygdala 0.15 0.45 2.07 0.054 0.2 0.5 2.31 0.035 
dorsal raphe 0.02 0.28 1.19 0.252 -0.004 0.23 0.96 0.35 
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Table A2: Correlation analysis between absolute SERT reduction and Oldham’s transformation at PET 2 

and PET 3 (baseline BPND+residual BPND)/2 using the voxel-wise approach. All p<0.05 FWE corrected voxel 

level, cluster extent threshold k>5 voxel, MNI coordinates in mm, L left, R right. 

 

 

  

Anatomical Region (AAL)  MNI Coordinates  
 BA x y z t p r2 Cluster Size 

 PET 2 
midbrain - 2 -28 -6 30.65 <0.001 0.98 119410 
lingual gyrus L 17 -2 -80 4 12.55 <0.001 0.90 1176 
insula R 48 40 -2 4 11.95 <0.001 0.89 128 
fusiform gyrus L 36 -24 -2 -36 11.49 <0.001 0.88 149 
middle cingulate gyrus L 23 -2 -10 40 11.48 <0.001 0.88 6 
middle orbitofrontal cortex R 11 2 26 -14 10.16 <0.001 0.83 8 
middle cingulate cortex L 23 -4 -16 42 9.98 <0.001 0.85 9 
subgenual cingulate L 38 -2 38 -8 9.92 <0.001 0.85 63 
fusiform gyrus R 36 26 2 -38 9.79 <0.001 0.85 12 
thalamus R - 20 -26 12 9.16 0.001 0.81 7 
calcarine R 23 2 -66 20 8.84 0.001 0.83 10 
inferior temporal gyrus L  -42 -22 -30 8.79 0.001 0.83 8 
middle temporal pole L 38 -44 14 -28 8.25 0.003 0.79 6 
calcarine L 17 -16 -58 8 8.16 0.004 0.79 21 
calcarine R 12 6 -74 12 8.12 0.004 0.79 8 
middle cingulate cortex  - 0 -30 46 8.04 0.005 0.78 16 
 PET 3 
midbrain (DRN) R - 4 -26 -10 28.72 <0.001 0.98 4603 
inferior orbitofrontal gyrus L 11 -24 28 -18 11.22 <0.001 0.88 17 
calcarine R 17 8 -80 6 10.77 <0.001 0.86 255 
putamen R 48 36 -4 2 10.61 <0.001 0.86 167 
inferior orbitofrontal gyrus L 38 -26 16 -20 10.12 <0.001 0.86 6 
insula R 48 38 12 -4 9.85 <0.001 0.85 6 
fusiform gyrus R 20 34 -32 -26 9.85 <0.001 0.85 16 
lingual gyrus L 18 -14 -52 2 9.73 <0.001 0.85 88 
putamen L 48 -28 0 14 9.56 <0.001 0.85 12 
middle cingulate cortex R 23 4 -30 36 9.49 <0.001 0.85 38 
middle temporal pole R  36 30 14 -36 8.80 0.001 0.83 16 
middle temporal pole L 20 -34 18 -34 8.65 0.002 0.81 12 
inferior orbitofrontal gyrus L 11 -20 20 -18 8.45 0.003 0.81 9 
calcarine R 17 14 -66 10 7.96 0.006 0.79 6 
pallidum R - 22 6 4 7.18 0.023 0.76 7 
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Table A3: Voxel-wise regression analysis between escitalopram plasma levels and SERT occupancy at 

PET 3. *p<0.05 FWE corrected, p<0.001 uncorrected voxel-level, cluster extent threshold k>5 voxel, MNI 

coordinates in mm, L left, R right. 

 

 

  

Anatomical Region (AAL)  MNI Coordinates  
 BA x y z t p r2 Cluster Size 

putamen L 48 -16 6 -8 8.12 <0.001* 0.80 596 
caudate R - 14 18 0 7.98 <0.001* 0.79 87 
rostral midbrain R - 4 -18 -10 7.61 <0.001 0.77 367 
putamen R - 26 -2 8 5.88 <0.001 0.67 33 
middle temporal cortex L 21 -56 -48 -4 5.82 <0.001 0.66 16 
caudate R 25 14 10 -10 5.11 <0.001 0.61 138 
thalamus R  12 -20 6 4.99 <0.001 0.59 133 
brainstem R  2 -36 -32 4.16 <0.001 0.51 9 
middle occipital gyrus R 19 32 -78 36 4.15 <0.001 0.51 11 
inferior temporal cortex L 37 -54 -52 -18 3.79 <0.001 0.48 11 
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3.3.1. Abstract 

Recent mathematical models suggest restored serotonergic burst-firing to underlie the 

antidepressant effect of selective serotonin reuptake inhibitors (SSRI), resulting from down-

regulated serotonin transporters (SERT) in terminal regions. This mechanism possibly depends 

on the interregional balance between SERTs in the raphe nuclei and in terminal regions before 

treatment. To evaluate these hypotheses on a systems level in humans in vivo, we investigated 

SERT availability and occupancy longitudinally in patients with major depressive disorder using 

positron emission tomography (PET) and the radioligand [11C]DASB. Measurements were 

performed before and after a single oral dose, as well as after three weeks (mean 24.73±3.3 

days) of continuous oral treatment with either escitalopram (10mg/day) or citalopram 

(20mg/day). Data were analyzed using voxel-wise linear regression and ANOVA to evaluate SERT 

binding, occupancy and binding ratios (SERT binding of the entire brain compared to SERT 

binding in the dorsal and median raphe nuclei) in relation to treatment outcome. Regression 

analysis revealed that treatment response was predicted by pre-treatment SERT binding ratios, 

i.e., SERT binding in key regions of depression including bilateral habenula, amygdala–

hippocampus complex and subgenual cingulate cortex in relation to SERT binding in the median 

but not dorsal raphe nucleus (p<0.05 FDR-corrected). Similar results were observed in the direct 

comparison of responders and non-responders. Our data provide a first proof-of-concept for 

recent modeling studies and further underlie the importance of the habenula and subgenual 

cingulate cortex in the etiology of and recovery from major depression. These findings may 

indicate a promising molecular predictor of treatment response and stimulate new treatment 

approaches based on regional differences in SERT binding. 

 

Keywords: prediction, antidepressant, SSRI, serotonin transporter, PET 
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3.3.2. Introduction 

The mechanism of selective serotonin reuptake inhibitors’ (SSRIs) antidepressant effects and 

research approaches to develop predictors for treatment response are matters of vivid debate 

(Holsboer, 2008; Papakostas, 2011). SSRIs are defined by their selective blockage of the 

serotonin transporter (SERT) and a substantial body of research has been conducted to 

investigate the SERT in unmedicated patients and under the influence of SSRIs (Cannon et al., 

2007; Catafau et al., 2006; Cavanagh et al., 2006; Herold et al., 2006; Meyer et al., 2001; Meyer 

et al., 2004; Miller et al., 2008). Although profound knowledge exists about the biological effects 

of SSRIs, psychiatrists still lack accurate tools to predict the clinical response to these 

antidepressants. Moreover, the reason for their delayed onset of therapeutic efficacy remains 

puzzling. Attempts to explain this latency are manifold and embrace downstream adaptive 

changes including neurogenesis (Anacker et al., 2011; Boldrini et al., 2009; Santarelli et al., 

2003). Most theories, however, assume that the sustained blockage of the SERT causes a 

reorganization of the serotonergic (5-HT) system, involving up- or down-regulations and 

modifications in the sensitivity of certain 5-HT receptors such as the serotonin-1A (5-HT1A) 

receptor (Hahn et al., 2010; Hervas et al., 2001; Richardson-Jones et al., 2010; Spindelegger et 

al., 2009), or the SERT itself (Benmansour et al., 2002; Lau et al., 2008). 

 

In a recent comprehensive simulation study, Best et al., (2011) demonstrated a normalized 

phasic increase in 5-HT level in response to burst-firing of 5-HT neurons as the potential 

underlying mechanism of SSRI response, caused by a reduction of SERTs in terminal regions 

(Best et al., 2011). A variety of empirical research is in agreement with the assumptions of this 

model, and down-regulated SERTs due to long-term SSRI treatment in rodents has been 

consistently shown both in vivo and in vitro (Benmansour et al., 2002; Lau et al., 2008; Pineyro 

et al., 1994). A second major issue covered in Best et al.’s (2010a, 2011, 2010b) recent work 

concerns the association between SERT function in the raphe nuclei and SERT availability in 

projection areas. Blockage of raphe SERTs raises local extracellular 5-HT levels and reduces tonic 

firing rates via increased 5-HT1A-mediated autoinhibition (Blier et al., 1998). This in turn reduces 

the extracellular 5-HT levels at nerve terminals in projection areas. Blockage of SERTs in 

projection areas, though, increases the extracellular 5-HT in these regions (Best et al., 2011). On 
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the other hand, availability of SERTs in projection areas is adjusted to the tonic firing rate of 5-

HT neurons (Best et al., 2010b). Therefore, on a systems level, the interplay between SERT 

availability in the raphe nuclei and SERT availability in serotonergic projection areas may be an 

important indicator of serotonergic transmission. 

 

Molecular neuroimaging such as positron emission tomography (PET) and single photon 

emission computed tomography (SPECT) has provided neuroscientists with the unique 

opportunity to study the SERT before and during SSRI treatment in humans in vivo. Several 

imaging studies have since been performed, relating the SERT with antidepressant treatment 

outcome. For example, a SPECT study found that higher pretreatment SERT availability in 

diencephalon (and with a trend in brainstem) predicted treatment response of depressed 

patients (Kugaya et al., 2004). In addition, higher SSRI induced occupancy of diencephalic SERTs 

predicted treatment response. Conversely, most SPECT (Catafau et al., 2006; Cavanagh et al., 

2006; Herold et al., 2006) and PET (Meyer et al., 2001; Meyer et al., 2004; Miller et al., 2008) 

studies reported either no relationship (Catafau et al., 2006; Cavanagh et al., 2006; Herold et al., 

2006; Meyer et al., 2001; Meyer et al., 2004) or only a trend towards a positive correlation 

between treatment response and SERT pretreatment availability or occupancy after medication. 

Some of the inconsistency may be explained by the poor power of these studies or by the 

different methodological approaches used, such as the use of different radiotracers having 

different imaging qualities such as SERT affinity, specific-to-nonspecific binding ratios and 

uptake kinetics. However, to our knowledge, no study has so far investigated the ratio between 

SERTs located in the midbrain raphe and those located in serotonergic projection areas in 

relation to treatment response on a systems level. 

 

The primary objective of the present study was therefore to investigate SERT ratios before 

treatment as a potential predictor of treatment outcome. Following the PET and SPECT studies 

stated above, our second aim was to investigate SERT binding and SERT occupancy (acute and 

subchronic) in relation to treatment outcome. We used [11C]-3-amino-4-(2-

dimethylaminomethyl-phenylsulfanyl)-benzonitrile ([11C]DASB), which is currently one of the 

most reliable PET radiotracers showing a high affinity and selectivity for the SERT (Ichise et al., 
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2003). Transporter availability was measured before and after a single oral dose, as well as after 

3 weeks of continuous oral SSRI treatment in subjects suffering from major depressive disorder 

(MDD). We used escitalopram and citalopram, both widely prescribed (Kasper et al., 2009), 

containing an equimolar-dose of the s-enantiomer of citalopram, which is mostly responsible for 

inhibiting serotonin reuptake activity (Sanchez et al., 2004). 

 

Surprisingly, when investigating somatodendritic SERT, studies frequently refer to “the 

midbrain”, without differentiating the various subregions. The median (MRN) and dorsal raphe 

nucleus (DRN) comprise the ascending serotonergic neurons projecting to the forebrain. 

However, MRN and DRN differ in several respects, including the number, density and 

distribution of 5-HT containing neurons (Baker et al., 1991), autoreceptor function (Hopwood 

and Stamford, 2001) and their projection sites and patterns (Vertes, 1991; Vertes et al., 1999). 

Therefore, our analysis of SERT binding in the raphe region consisted of separate quantifications 

for MRN and DRN (see Supplementary Text and Figure S1 for the separation of the two nuclei 

from each other). 

 

3.3.3. Methods 

Subjects 

22 out-patients (aged 24-54 years.), suffering from major depression, were recruited. Subjects 

were assessed using a Structured Clinical Interview (SCID) for DSM-IV and the 17-item Hamilton 

Depression Rating Scale (HAM-D), physical and neurological examinations, routine blood tests, 

an electrocardiogram, and a pregnancy test. For study inclusion, a HAM-D score of ≥16 was 

required. None had a comorbid axis II disorder. Only patients who had been medication-free for 

three months prior scanning (four months for fluoxetine), were included and none have had a 

past history of drug abuse (except for nicotine abuse, 6 subjects). 19 subjects (13 F, 42.3±7.8 

years of age (mean±SD)) were included in the final data analysis as three patients were excluded 

due to compliance failure and excessive head movement during the PET scan. After complete 
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description of the study to the subjects, written informed consent was obtained. The study was 

approved by the Ethics Committee of the Medical University of Vienna. 

 

Study Design and Treatment Protocol 

The study was designed longitudinally with subjects receiving an equivalent amount of the 

enantiomer S-citalopram, i.e., they were administered oral doses of either escitalopram (S-

citalopram, 10mg/day, 10 subjects) or citalopram (R,S-citalopram, 20mg/day, 9 subjects) 

(Lundbeck A/S, Denmark). We previously reported differences in the dynamics of SERT 

occupancy after multiple dose administration of escitalopram vs. citalopram using [123I]ADAM 

SPECT (Kasper et al., 2009; Klein et al., 2007). However, none of the subjects of the current 

sample were part of any previous publications, and since we observed no significant differences 

in SERT availability or occupancy between citalopram and escitalopram (data not shown) using 

[11C]DASB PET, which is superior in terms of specificity and sensitivity compared to [123I]ADAM 

SPECT, the data was pooled for further analysis in order to increase statistical power. Each 

patient underwent three [11C]DASB PET scans, the first before treatment (PET1), the second 6 h 

following the first SSRI dose (PET2) as occupancy was considered to be at maximum according 

to our molecular imaging data. The final PET scan was conducted 6 h after the last dose of study 

medication which was administered daily for a minimum of 3 weeks (24.73±3.3 days) (PET3). 

Treatment duration was based upon Kugaya et al. ( 2004), who showed strong correlation 

between pretreatment SERT availability and treatment response after 4 but not after 6 weeks of 

treatment. 

 

Serum Sampling 

Blood samples were drawn ~10 min prior to each PET scan and plasma was immediately 

separated by an experienced clinician. Samples were then frozen at -20°C and S-citalopram 

analysis of the plasma fraction was undertaken by Quintiles Bioanalytical Laboratory, Uppsala, 

Sweden (www.analytical-services.se). 
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PET Measurement 

All PET scans were performed in an advance full-ring scanner (General Electric Medical Systems, 

Milwaukee, WI, USA) in 3D mode at the Department of Nuclear Medicine of the Medical 

University of Vienna. A 5 min transmission scan was done using a retractable 68Ge ring source 

for tissue attenuation correction. Data acquisition started simultaneously with a bolus injection 

of [11C]DASB measuring brain radioactivity in a series of 30 consecutive time frames. Total 

acquisition time was 90 min, divided into fifteen 1 min frames and fifteen 5 min frames. 

Collected data were reconstructed in volumes consisting of 35 transaxial sections (128 x 128 

matrix) using an iterative filtered backprojection algorithm (FORE-ITER) with a spatial resolution 

of 4.36 mm full-width at half maximum (FWHM) at the centre of the field of view. For 

radiotracer preparation and radiochemical variables, see Supplementary Information. 

 

Serotonin Transporter Quantification and Regions of Interest 

The SERT binding potential (BPND) (Innis et al., 2007) was quantified using the multilinear 

reference tissue model (MRTM2) (Ichise et al., 2003). Following between-frame motion 

correction individual summed PET images where normalized to a tracer-specific template in 

stereotactic Montreal Neurological Institute (MNI) space using SPM8 (Wellcome Trust Centre 

for Neuroimaging, London, UK; http://www.fil.ion.ucl.ac.uk/spm/) and whole-brain voxel-wise 

SERT BPND maps were computed. Independently, to determine local SERT binding in the MRN 

and DRN, two regions of interest (ROI) comprising spheres of 3 mm radius (14 voxels each) were 

defined manually in two slices of the template (for details see Spindelegger et al., 2009). Despite 

a relatively low spatial resolution in PET (FWHM=4.36) compared to MRI, careful delineation of 

ROIs for the DRN and MRN allowed to reliably separate the two nuclei from each other (see 

Supplementary Text and Figure S1). Furthermore, the striatum was taken from a ROI-atlas 

(Spindelegger et al., 2009) to provide exemplary estimates of SERT availability and occupancy 

(Meyer et al., 2004). SERT drug occupancy was derived using the equation: Occupancy(%)=(1–

BPND treatment/BPND baseline)x100. Cerebellar gray matter (excluding vermis and venous sinus) 

was used as a reference region because recent post mortem and in vivo SERT quantification 

identified the cerebellar grey matter as an optimal reference region for [11C]DASB during SSRI 

administration (Parsey et al., 2006). All modelling calculations were performed using PMOD 

http://www.fil.ion.ucl.ac.uk/spm/
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image analysis software, version 3.3 (PMOD Technologies Ltd, Zurich, Switzerland, 

www.pmod.com). 

 

Statistical Analysis 

Treatment efficacy (absolute reduction in HAM-D values) was analysed using a general linear 

mixed model containing a fixed term for time, age as covariate and a random term for subject. 

SPSS version 18.0 for Windows (SPSS Inc., Chicago, IL, www.spss.com) was used for 

computation. Voxel-wise SERT occupancy was analysed using a general linear model within 

SPM8. In a second step, associations between treatment efficacy and SERT pretreatment 

binding, treatment efficacy and SERT occupancy, as well as between treatment efficacy and 

binding ratios (SERT binding in projection areas divided by SERT binding in raphe nuclei) were 

evaluated. The computation of binding ratios can be seen as an adjustment of terminal SERT 

binding to individual levels of raphe SERT availability. It may also eliminate potentially 

confounding effects of the reference region, since it contributes to both the terminal SERT 

region and to the raphe nuclei. To this end, voxel-wise linear regression analyses were 

performed in SPM8 for PET1, PET2 and PET3 separately. For computational reasons, the 

reduction in HAM-D scores served as the regressor, and the whole-brain SERT binding maps (or 

the binding ratios) served as the dependent variable, controlling for age. Given the sample size, 

no further covariates were included into the model to avoid over-fitting. The resulting t maps 

were corrected for multiple comparisons (p<0.05 voxel-level) using the false discovery rate 

(FDR). Although whole-brain voxel-wise analyses clearly require correction for multiple 

comparisons, they imply major advantages over ROI-based evaluation, namely independence of 

choice, size and location of regions of interest. 

 

To compare treatment remitters, responders and non-responders, we performed a one-way 

ANOVA (1 factor with 3 levels, controlled for age for an overall comparison (F-test)) and post-

hoc t-tests between groups. The binding ratios were used as dependent variables. Again, the 

resulting t maps were corrected for multiple comparisons (p<0.05) using FDR. 

 

http://www.spss.com/
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3.3.4. Results 

Clinical outcome 

HAM-D scores ranged between 16 and 28 with a mean of 21.0±3.2 at screening visit, and 

20.2±3.9 at PET1 before treatment. SSRI treatment had a significant effect on depressive 

symptoms over time (F(3,54)=44.74, P<0.001), with post-hoc t-tests revealing significant 

reductions at PET3 (HAM-D: 9.0±4.7) compared to screening visit, PET1 and PET2 (HAM-D: 

18.37±3.82, all Ps<0.001, corrected, see Figure 1). Eleven out of nineteen subjects (2 males, 9 

females) showed at least a 50% reduction in HAM-D scores and were considered as responders 

(57.9%). Of these, seven (36.8% of the entire group) became remitters with final scores of ≤7. 

 

Plasma concentration of S-citalopram and SERT occupancy 

The plasma concentration of S-citalopram was 6.92±2.25 ng/ml (range 1–12 ng/ml) at PET2 and 

14.76±6.02 ng/ml (range 6–26 ng/ml) at PET3. In line with previous studies (Meyer et al., 2001), 

SSRI treatment caused a considerable reduction in SERT availability (F(2,24.83)=452.33, 

P<0.001). A single dose of SSRIs (PET2) led to a significant reduction in striatal SERT availability, 

resulting in occupancies with a mean of 69.8%±4.9 (range 60%–78%) compared to baseline 

values (PET1) (SERT BPND: 1.56±0.25 vs. 0.46±0.08, P<0.001, PET1 vs. PET2). 
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Figure 1. Individual Hamilton Depression Rating Scale (HAM-D) scores before and after treatment with 
escitalopram or citalopram. HAM-D scores are given for screening visit (SV), baseline positron emission 
tomography (PET) scan before treatment (PET1), second PET scan after 6h of the first drug intake (PET2), 
and third PET scan after a minimum of 3 weeks continuous treatment (PET3). Bars indicate mean HAM-D 
scores. HAM-D scores at PET3 differ significantly to prior interview scores (SV, PET1 and PET2, all 
p<0.001). Green filled circles indicate responders, showing a 50% or greater reduction relative to initial 
scores, blue filled circles indicate non-responders (below 50% reduction). All responders displaying a final 
HAM-D score (PET3) of ≤ 7 are marked as filled red circles (remitters). 

 

Prolonged SSRI treatment further raised occupancies to 75.3%±4.4 on average (range 70%–86%) 

at PET3 (SERT BPND: 1.56±0.25 vs. 0.38±0.06, P<0.001, PET1 vs. PET3). For illustration, SERT BPND 

regional distributions at baseline are shown in Figure 2 (bottom row). Radiochemical variables 

such as injected dose, radiochemical purity, specific activity, unlabelled DASB or dose per weight 

did not differ significantly between PET measurements (data not shown). 

 

Association of treatment response and pretreatment SERT binding ratios between median raphe 

nucleus and serotonergic projection areas 

The predictive potential of SERT binding ratios at baseline on treatment response was 

investigated. When evaluating terminal SERT binding adjusted to individual MRN SERT binding 
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(terminal BPND/MRN BPND), binding ratios were positively correlated with treatment response 

(absolute reduction in HAM-D scores, PET1-PET3) for several cortical and subcortical regions 

(p<0.05 FDR-corrected, Figure 2 and 3). That is, the more SERT binding in terminal regions in 

relation to MRN SERT binding, the better the treatment outcome. Peak values were found 

bilaterally in the amygdala–anterior hippocampus complex (e.g., t=7.95 for the left side), in the 

habenula (part of the epithalamus, t=7.86), putamen (t=5.82), orbitofrontal cortex (OFC, 

t=4.56), the subgenual and anterior cingulate cortex (t=5.21, see Table and Figure 2, upper row, 

and Figure 3). Using different statistical evaluations of p<0.001 uncorrected voxel-level with 

p<0.05 FDR- or FWE-corrected cluster-level did not change the abovementioned findings. 

 

 

Fig 2. Brain areas showing significant associations between pretreatment serotonin transporter (SERT) 

binding ratios and treatment response. The terminal SERT binding in the whole brain was adjusted to 

SERT binding in the median raphe nucleus by calculating the ratios between these areas. (Upper row) 

Significant clusters are overlaid onto sagittal, coronal and axial structural MRI planes. The highest peaks 

were found in the habenulae (epithalamus), amygdala-hippocampus complex, anterior insula, subgenual 

anterior cingulate cortex (sgACC), striatum, midbrain and cerebellar vermis (color table: t ranging from ± 
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3.2 to ≥ ±6) t-values for peaks are given in the table). (Bottom row) Voxel-wise maps representing the 

averaged baseline SERT distribution, overlaid onto structural MRI planes. The planes correspond to the 

upper row. Binding potential (BPND) values are given in the colour table. The SERT density in projection 

areas depends on tonic firing that is modulated by the SERT binding in the raphe nuclei. Comparing the 

upper and bottom row shows that significant clusters are independent of the local SERT binding 

distribution, e.g. the SERT binding is high all over the thalamus and striatum; however the associations to 

treatment response are restricted to specific areas as the epithalamus (habenula). The habenula and 

amygdala are indicated in Fig. 3 by white crosshairs. Left is right. 

 

 

Figure 3. Significant associations between pretreatment SERT binding ratios in amygdala and habenula 

and treatment response T-values are given in the color table. (Left) Statistical parametric maps (SPM) 

showing highest associations in both amygdalae (upper row) and in both habenulae / epithalami (bottom 

row), for coordinates, see Table. (Right) Scatterplots depicting the relationship between absolute HAM-D 

reduction and pretreatment SERT binding ratios at the peak voxel (see crosshair in SPM images, left). 

Colored circles are given corresponding to Figure 1. Significance corresponds to a FDR threshold P<0.05, 

corrected for multiple comparisons at the voxel level. Left is right. Note that these are results of voxel-

wise whole-brain analysis where no regions were defined a priori (except raphe region). 
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Including baseline HAM-D as covariate (which is equivalent to investigating the relative change 

in HAM-D scores) yielded slightly lower t-values (e.g., amydala: t=6.62, habenulae: t=6.04, 

subgenual ACC: t=4.5), which surviveed correction for multiple comparisons on a cluster level 

(p<0.05 FDR corrected), except for the subgenual ACC. Including citalopram/escitalopram as 

covariate did not change our findings, i.e., results are still significant at p<0.05 FDR-corrected. 

When evaluating terminal SERT binding, adjusted to SERT binding in the DRN (terminal 

BPND/DRN BPND), no associations were found to survive FDR correction for multiple 

comparisons. 

 

Differences between treatment remitters or responders and non-responders 

The ANOVA revealed group differences between remitters, responders and non-responders in 

regional SERT BPND adjusted to SERT BPND in the MRN. Compared to non-responders both 

remitters and responders showed higher SERT binding ratios between projection areas and 

MRN. Significant clusters were found in the sgACC and OFC, habenula, amygdala, anterior 

insula, striatum and midbrain (p<0.05 FDR-corrected, Figure 4).  

 

Association between treatment response and pretreatment SERT availability and occupancy 

When investigating whether pretreatment SERT binding itself predicts treatment response, no 

associations were found that survived whole-brain FDR correction for multiple comparisons. 

Also, no associations with treatment response were found for residual SERT binding at PET2 and 

PET3, and for SERT binding ratios between terminal projection regions and raphe at PET2 and 

PET3. No associations were found between treatment response and SERT occupancy after a 

single dose (PET2) or after three weeks of SSRI treatment (PET3) after FDR correction. 

Furthermore, no associations were found for occupancy ratios with either MRN or DRN as the 

denominator that survived FDR correction. 
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Figure 4. Brain areas showing significant differences between responders (n=11) and non-responders 

(n=8) (upper row) and between remitters (n=7) and non-responders (bottom row) for SERT binding ratios. 

T-values are given in the color table. All p-values are FDR corrected (p<0.05, cluster size ≥30 voxels, model 

corrected for age). Treatment responders had a 50% or greater reduction relative to initial HAM-D scores 

and remitters displayed a final HAM-D score of ≤ 7. The highest peaks were found in the sgACC and 

orbitofrontal cortex, habenulae, amygdalae, anterior insula, striatum and midbrain. 

 

For completeness, we investigated the ratios of terminal to MRN SERT binding before and after 

SSRIs with a repeated measures ANOVA and post-hoc t-tests (p<0.05 FDR-corrected). Comparing 

PET1 (baseline) with PET2 (single dose SSRI) showed increased binding ratios almost throughout 

the entire cortex as well as subcortical regions, such as the striatum and thalamus. At PET3 

(multiple doses SSRI), this effect was only observed in the inferior and middle temporal, 

orbitofrontal and insular cortices. Subsequent assessment of mean occupancy images showed 

that this was attributable to a more pronounced decrease of SERT binding in the raphe than in 

sub-/cortical brain regions. 
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3.3.5. Discussion 

The results of this study indicate that SERT binding ratios before treatment can predict 

treatment response after a minimum treatment period of three weeks with escitalopram or 

citalopram in preliminary unmedicated patients with major depression. Lower SERT binding in 

the MRN (origin of serotonergic neurons) compared to SERT binding in terminal projection 

regions of serotonergic neurons (habenula, sgACC or the amygdala–anterior hippocampus 

complex) predicted beneficial treatment outcome, strongly supporting recent mathematical 

simulation studies (Best et al., 2011; Best et al., 2010b). 

 

As Best et al. (2011) point out in their model, SSRI treatment reduces the rate of tonic firing of 

5-HT neurons. Because SERTs are not only blocked in terminal regions but also in the raphe, 

extracellular serotonin is also raised in the raphe area and 5-HT neural firing via inhibitory 

autoreceptors is dampened (Pineyro and Blier, 1999). Reduced neural firing of serotonin 

neurons counteracts the SSRI induced elevation of extracellular 5-HT levels in terminal regions. 

Elevations of extracellular 5-HT in terminal regions are therefore smaller than those in the raphe 

region. Furthermore, a priori lowered SERT density in the raphe nuclei should equally decrease 

neuronal firing due to increased activation of inhibitory autoreceptors. Indeed, 

electrophysiological studies showed that SERT knockout mice exhibit reduced firing of 

serotonergic cells due to an increased activation of 5-HT1A autoreceptors (Gobbi et al., 2001). 

Consequently, attenuated SERT function by SSRIs in the midbrain under already lowered SERT 

conditions in the raphe nuclei all the more dampens tonic firing rate of serotonin neurons. 

 

According to Best et al., lowered tonic firing of 5-HT neurons result in a down-regulation of 

SERTs in terminal regions because the tonic firing rate of 5-HT neurons determines SERT density 

in projection areas (Best et al., 2010b). This seems to be reasonable because SERT expression in 

the presynaptic membrane is usage dependent (Ramamoorthy and Blakely, 1999). Serotonin 

reuptake inhibits SERT phosphorylation and internalization, whereas when the SERT is blocked 

by SSRIs, phosphorylation and internalization accelerates (Ramamoorthy and Blakely, 1999). An 

internalization of SERTs in the presence of SSRIs will thus be more pronounced when elevations 
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of extracellular 5-HT in terminal regions are smaller, due to lowered tonic firing of 5-HT neurons, 

and high SERT density in projection areas. Lowered raphe SERT binding in comparison to 

terminal SERT binding would therefore lead to a more pronounced internalization of terminal 

SERT after prolonged SSRI administration. According to Best et al. this would lead to reduced 

tonic serotonergic firing, whereas the 5-HT level in response to phasic neuronal firing has 

returned back to normal. Since this mechanism was recently proposed to underlie a beneficial 

effect of SSRIs (Best et al., 2011), and in accordance with our results, lowered raphe SERT 

binding in comparison to terminal SERT binding should be associated with a better treatment 

outcome. 

 

Antidepressant response 

We found significant differences between remitters and non-responders, and between 

responders and non-responders in cortical and subcortical SERT binding adjusted to SERT BPND 

in the MRN. Both remitters and responders showed higher adjusted SERT binding in the sgACC, 

the OFC, the habenula, the amygdala–anterior hippocampus complex, the anterior insula, 

striatum and midbrain (Figure 4). As expected, the spatial pattern of significant brain regions 

was very similar when using two different statistical approaches (see Figures 2 and 4). However, 

the comparison between responders and non-responders highlighted a dominant cluster 

including the sgACC and OFC (Figure 4, upper row), which has been frequently linked to 

alterations and treatment in depression (Mayberg, 2009; Price and Drevets, 2009). In a recent 

fMRI study, Lisiecka et al. reported OFC-coupling with caudate and thalamus to be positively 

associated with antidepressant response (Lisiecka et al., 2011). With regard to our results, this 

suggests that the functionality of modulatory neurotransmitters such as the 5-HT system might 

at least partly underlie the functional connectivity between brain regions. Mayberg et al. 

reported changes in glucose metabolism or blood flow with antidepressant response using 

different treatment options (Mayberg, 2009). For instance, a decrease in the sgACC was found 

following SSRI treatment and electroconvulsive therapy in depression. Therefore, our molecular 

results of the serotonergic system provide further data emphasizing the central role of the 

sgACC and OFC in the pathogenesis and treatment of depression. 
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SERT occupancy 

We were not able to demonstrate an association between treatment response and SERT binding 

or SERT occupancy after 3 weeks of SSRI administration. This is, however, in line with recent 

imaging studies (Catafau et al., 2006; Cavanagh et al., 2006; Herold et al., 2006; Meyer et al., 

2001). A simple explanation might be that SERT availability at PET 3 is too low and therefore the 

signal-to-noise ratio too small to demonstrate significant effects. Furthermore, a reduction of 

SERT availability is caused by a combination of the high affinity of S-citalopram to SERTs (fewer 

SERTs available for [11C]DASB binding) and true SERT reduction. SERT occupancy after prolonged 

SSRI administration should therefore reflect both a blockade and a down-regulation of SERTs. 

Our data indicate occupancy rates of 70% after short term administration, and an increase by 

5% to 75% after three weeks of SSRI treatment. Animal studies, however, suggest SERT down-

regulation of only 25% during the first days of treatment, compared to more than 70% after 15 

days of SSRI treatment (difference=45%) (Benmansour et al., 1999; Benmansour et al., 2002). 

Definitive answers will provide future PET studies investigating SERT binding after 

discontinuation of medication for a defined washout period disentangling occupancy by 

medication from real down-regulation of SERTs. 

 

Dorsal and median raphe nuclei 

Our data indicate lower SERT binding in the MRN compared to SERT binding in projection areas 

to be beneficial for treatment efficacy. Analog results were, however, not obtained for the DRN, 

suggesting that this is not a general feature of SERT balance per se, but rather specific to the 

MRN (see Supplementary Text and Figure S1 for the separation of the two nuclei). MRN and 

DRN project to essentially non-overlapping regions in the forebrain (Lechin et al., 2006). 

Whereas the DRN projects e.g., to the frontal and parietal cortex, ventral hippocampus, 

amygdala, striatum and lateral septum, the MRN projects preferably to the temporal cortex, 

mammillary bodies, dorsal hippocampus and medial septum. Notably, early analyses of raphe 

projections indicate that the MRN projects abundantly to the lateral habenula (LHb) (Azmitia 

and Segal, 1978; Vertes et al., 1999), whereas DRN projections to the LHb are much sparser and 

were found to be mainly non-serotonergic (Michelsen et al., 2007; Vertes, 1991). In addition, 

functional studies with patients remitted from MDD indicate that with experimentally reduced 
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serotonin-levels (tryptophan depletion) the neuronal activation in the habenulae markedly 

increases (Morris et al., 1999). Assuming that MRN projections upon LHb are serotonergic 

(Kohler and Steinbusch, 1982), this suggests an inhibitory influence of MRN on LHb neuronal 

firing. On the other hand, neurons of the LHb project to MRN and DRN and exert strong 

inhibitory influence on serotonergic neurons, possibly via intermediate GABA cells (Hikosaka et 

al., 2008). This indicates a tight interconnection between ascending serotonergic raphe neurons 

and LHb neurons controlling these modulatory pathways, where the MRN seems to play a 

prominent role in this reciprocal network. The inhibitory influence of LHb neurons upon MRN 

and DRN should thus be high, when the inhibitory power of MRN projections upon LHb neurons 

is small, and vice versa. With regard to our data, this would suggest that lowered SERT 

availability in the MRN compared to projection areas (e.g., LHb) increases the inhibitory 

influence of LHb neurons upon DRN and MRN, and by that further reduces tonic firing of 

serotonergic cells. As outlined above, lowered tonic firing results in a down-regulation of SERTs 

in terminal regions that brings 5-HT levels in response to phasic serotonergic burst-firing back to 

normal. This is proposed to be an important underlying mechanism of antidepressant response 

to SSRIs (Best et al., 2010b). 

Limitations of this study 

The treatment period of our study sample was 24.73 ± 3.3 days, and no HAM-D scores during 

long-term treatment (e.g., half year) are available. Due to the lack of longer observation periods, 

we cannot distinguish a predictor of early treatment response from a predictor of continuous 

treatment response. Although animal research suggests robust down-regulation of the SERT 

within 15-20 days of continuous treatment (Benmansour et al., 2002), further long-term 

treatment studies are necessary. In addition, we did not collect information about previous 

episodes, making it impossible to evaluate a potential influence of the number of previous 

episodes on treatment response or our PET-results. 

 

A methodological limitation of our study pertains to the PET-to-PET normalization given the 

absence of individual magnetic resonance images. This is particularly prone to miss-registrations 

of small nuclei such as MRN and DRN. Special caution was therefore laid upon the correct 

position of the raphe ROIs by visual inspection of the summed individual PET images (across 
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time) and time activity curves within the modeling procedures. Given the small ROIs for MRN 

and DRN, partial volume (PV)-effects may have influenced our result, which poses an additional 

limitation. However, in contrast to the serotonin-1A receptor within midbrain, which is highly 

expressed in DRN and MRN compared to the surrounding brain areas, the SERT is also highly 

concentrated in the surrounding midbrain, rendering partial volume effects less likely. 

Moreover, a potential PV-effect is expected to be constant across subjects since no comparisons 

across different population groups were carried out. Alterations would therefore not necessarily 

change the association per se but only shift the regression line. Finally, calculation with and 

without PV correction even for serotonin-1A BPND in the DRN, as recently performed by our 

group, did not significantly change our results (Hahn et al., 2012). Since no arterial blood 

sampling was available, we were not able to investigate differences in specific binding within 

the reference region (Hinz et al., 2008; Parsey et al., 2006). However, previous studies identified 

the cerebellar gray matter as optimal reference region for [11C]DASB occupancy studies (Meyer, 

2007; Parsey et al., 2006) and estimated the maximum influence to be only 7% in target regions 

by entire blockade of specific cerebellar SERT binding (Kish et al., 2005). 

 

3.3.6. Conclusions 

The results of this study strongly indicate a pivotal role of the balance between baseline SERT 

binding in the MRN and baseline SERT binding in key areas within the depression circuits to 

serve as a strong predictor of treatment response (for a distinction between predictors, 

moderators and mediators, see Papakostas et al., 2011). Among those key areas, the habenulae, 

the sgACC and the OFC, and the amygdala-hippocampus complex have been consistently linked 

to major depression and antidepressant treatment response (Mayberg, 2009; Sartorius et al., 

2010). In contrast to other studies neglecting the MRN, our data support the distinction 

between the MRN and DRN in PET studies, emphasizing the central role of the MRN in 

association with the habenulae. 
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Table 

Table: Regional peak T-values of significant positive associations between treatment response and 

SERT BPND ratios (SERT BPND in the whole brain adjusted to SERT BPND in the MRN). 

 MNI      

X Y Z  t-value L/R Region 

-26 -6 -16  7.95 L Amygdala / anterior hippocampus 

30 0 -18  6.99 R Amygdala 

-10 -32 2  7.86 L Habenula (part of epithalamus) 

6 -32 -4  6.59 R Habenula 

62 -12 -14  5.96 R Medial temporal lobe 

-50 -22 -12  4.81 L Medial temporal lobe 

-32 4 8  5.82 L Putamen 

24 -4 12  5.80 R Putamen 

8 26 -18  5.21 R Subgenual cingulate cortex / OFC 

-10 66 -14  4.56 L Medial OFC 

-8 40 4  4.55 L Anterior cingulate cortex 

-6 -20 -24  5.87 L Anterior midbrain 

46 -66 28  4.10 R Angular gyrus 

-10 -66 -32  8.51 L Cerebellar vermis / white matter 

 

All p-values are FDR corrected (p<0.05 voxel-level, cluster size ≥30 voxels). Only the highest peak within 

an anatomical region is included in the case of several peaks. Model corrected for age; MNI, Montreal 

Neurological Institute stereotactic space coordinates (X/Y/Z mm); L, left; R, right; BPND, binding potential; 

OFC, orbitofrontal cortex. 
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3.3.8. Supplementary Information 

Delineation of regions of interest (ROIs) for the dorsal (DRN) and median (MRN) raphe nuclei 

From rostral to caudal, the DRN extends at the level of the accessory oculomotor nucleus to the 

level of the isthmus (referring to B7 (Dahlstrom and Fuxe, 1964)), having its characteristic 

fountain shaped appearance. This part of the DRN also contains the majority of 5-HT neurons 

(Baker et al., 1991b). Further caudally, the DRN narrows its lateral wings and extends as two 

staves until 14 mm below the level of the isthmus (referring to B6, Baker et al., 1990). In 

contrast, the rostro-caudal extension of the MRN in the pontine tegmentum starts at the level 

of the decussation of the superior cerebellar peduncle (1mm above the level of the isthmus) 

and extends until the level of the motor trigeminal nucleus 19 mm below the level of the 

isthmus (Baker et al., 1991a). Most of the about 64.000 5-HT neurons of MRN lie within the first 

10mm below the level of the isthmus (Baker et al., 1991a). 

 

A reliable differentiation between DRN and MRN was therefore realized by delineating the ROI 

for the DRN in two PET image slices at the level between superior and inferior culliculus, and by 

delineating the ROI for the MRN in two slices within the rostral third of the pons (slice thickness 

= 2mm). Hence, the two raphe ROIs covered 4mm each in z-direction with an in-between gap of 

6mm (see Figure S1), see also Kranz et al., 2012. 

 

Radiotracer preparation 

The radioligand [11C]DASB (3-amino-4-[N-methyl-N-[11C]methyl-amino-methyl-phenylsulfanyl]-

benzonitrile) was synthesized in a fully-automated 11C-methylation synthesizer (GE Medical 

Systems, Uppsala, Sweden) at the Department of Nuclear Medicine of the Medical University of 

Vienna, according to a previously published method (Haeusler et al., 2009). Briefly, freshly 

prepared [11C]methyl iodide was trapped online in the reaction mixture containing 1 mg of 

precursor (MASB; desmethyl-DASB; obtained from ABX, Radeberg, Germany) in 500 µL of 

dimethylsulfoxide  (DMSO). The reaction mixture was heated to 100°C for 2 min, diluted with 1 

mL of HPLC eluent and subsequently transferred to the semi-preparative HPLC system (column: 

Supelco ABZ+ 5 µm, 250 x 10 mm) for purification. 
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Figure S1: Sagittal view at x=0mm (M.N.I. coordinate) of the voxel-wise serotonin transporter binding 

measured with PET and [11C]DASB. The map represents baseline SERT distribution of a representative 

patient. The color code indicates binding potential. DRN, dorsal raphe nucleus; MRN, median raphe 

nucleus. 

 

Mobile phase consisted of 40% acetonitrile and 60% 0.1 mol/L ammonium acetate and was used 

at a flow rate of 8mL/min. The product fraction was cut and then diluted and subjected to solid 

phase extraction (Waters, 18Cplus SepPak®) to reduce the content of residual solvents. After 

washing the purified product with water it was eluted with ethanol. Finally, the ethanolic 

product solution was formulated with saline and phosphate buffer and sterile filtrated under 

aseptic conditions in a laminar air flow hot cell. Typically, 2-9 GBq of [11C]DASB were prepared 

within 35±3 min (n=66). Quality control was performed measuring radiochemical and chemical 

purity (using analytical HPLC), pH, isotonicity, radionuclidic purity and residual solvents (using 

gas chromatography). Sterility and endotoxines were analysed after the release of the product, 

in accordance with the regulations for radiopharmaceutical preparations as laid down by the 

European Pharmacopoiea. The injected radioactivity (mean = 353 MBq, SD = 91) was of high 
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radiochemical purity (>95%, mean 98.2%, SD=1.1) and of high specific activity (mean = 34.9 

GBq/µmol, SD = 15). 
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IV. GENERAL DISCUSSION 

We aimed to tackle several basic neuroscientific issues regarding the SERT and its distribution in 

the living human brain through three publications arising from this thesis. Using PET and 

[11C]DASB, we were able to expand our knowledge on the SERT through elucidation of patterns 

relating its distribution to cerebral dominance and gender identity, SSRIs and SERT occupancy, 

as well as to prediction of antidepressant treatment response. 

 

Rather than supply simple answers, our results provide a differentiated picture on the complex 

role of SERT distribution in the living human brain. For example, no simple differences in plain 

SERT BPND were found between healthy females, males or male-to-female transsexuals in the 

first publication. However, SERT binding was highly asymmetric in several cortical and 

subcortical regions. Although the three subject samples showed similar asymmetries in most 

regions, SERT asymmetry in the midcingulate cortex was associated with gender identity, as this 

region showed strong asymmetry in males, but not in females and male-to-female transsexuals. 

Regarding the second publication, correlations between pretreatment SERT availability and 

occupancy by SSRIs were restricted to the subgenual anterior cingulate cortex and not observed 

in other cortical or subcortical regions. However, correlations between drug plasma levels and 

occupancy after prolonged SSRI intake were found for most subcortical but not cortical regions. 

Furthermore, a significant increase in SERT occupancy after prolonged SSRI intake compared to 

acute intake was similarly found only in subcortical and not cortical regions. Finally, no straight 

forward relationship between baseline SERT binding and treatment outcome was observed in 

the third publication. However, normalizing SERT binding in projection areas to that of the 

median raphe resulted in strong correlations between several disorder-related terminal regions 

and treatment outcome. 

 

Thus, our results provide novel impulses within clinical neuroscience that may stimulate new 

research projects and guide ways of understanding the complex relations of SERT distribution 

and gender identity, drug efficacy and depression. Still, as molecular imaging with PET in vivo 

relies heavily on several assumptions, our studies include limitations that may bear on the 
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interpretation of our results. The primary outcome measure in all three publications was the 

BPND, which assumes that nondisplaceable radioligand uptake is uniform across brain regions 

and independent of treatment effects or subject groups (Innis et al, 2007). However, these 

assumptions may be questionable in some pathological conditions (Huang et al, 2010) and it is 

therefore unknown whether they hold true for a comparison between depressed and healthy 

subjects. We used cerebellar gray matter as a reference region, which was shown to be the 

region of choice for [11C]DASB in vivo (Parsey et al, 2006b). Although a reference region should 

be devoid of targets, post mortem studies indicated specific SERT binding in the cerebellum, 

with highest values in cerebellar vermis, followed by cerebellar gray and white matter (Kish et 

al, 2005; Parsey et al, 2006b). Accordingly, SSRI induced SERT occupancy may be 

underestimated when using BPND and cerebellar gray matter as reference region. This was 

confirmed in a recent study by Hinz et al. who investigated the effects of intravenous citalopram 

infusion on SERT occupancy by calculating both BPND and PPP (Hinz et al, 2008, for 

nomenclature, see Innis et al, 2007 or section 1.3.3.). Furthermore, Hinz et al. observed that 

SSRI infusion led to a change in the steepness of cerebellar time activity curves (TACs), an effect 

that was also found in our data (Savli 2013, personal communication). A change in TAC shape 

reflects SSRI induced changes in the pharmacodynamics within the cerebellum. However, how 

these changes impact on the BPND remains unknown. 

 

The assumption of consistency of SERT affinity for both the radioligand and the antidepressant 

drug must also be critically discussed. The inability to differentiate target density from target 

affinity is inherent to the definition of the binding potential. Thus, if an in vivo PET study detects 

differences in the binding potential between, for example, depressed subjects and healthy 

controls, either target density or target affinity may differ. Although the binding potential is 

always interpreted to reflect target density, we must keep in mind that this is done by assuming 

that the affinity is constant across subjects and brain regions. However, this may not always be 

the case. In their recent review, Steiner et al. gathers evidence that 5-HT clearance is not only 

affected by trafficking-dependent, but also by trafficking-independent SERT modulation (Steiner 

et al, 2008). The latter of these processes includes conformational changes of the SERT which 
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may not only alter transport capacity but also result in a change in 5-HT affinity (Steiner et al, 

2008). Similarly, we cannot rule out that drug or radioligand SERT affinity are subject to change. 

 

Finally, in addition to these basic issues pertaining to PET methodology in vivo, other factors 

may have confounded our results. For example, Praschak-Rieder et al. (2008) observed seasonal 

variations in SERT binding with higher values during fall and winter and lower values during 

spring and summer. Differences between highest and lowest values within one year ranged 

between 20-40%, depending on the brain region. Furthermore, SERT binding showed negative 

correlations with day length and average duration of daily sunshine. Although subsequent 

SPECT studies could not, or only partly, confirm seasonal variations in SERT binding (Cheng et al, 

2011; Koskela et al, 2008; Ruhe et al, 2009) a recent PET study using [11C]DASB found an 

association between daylight in minutes at the scanning day and SERT binding in the basal 

ganglia (Kalbitzer et al, 2010). Additionally, a recent study by our group detected positive 

correlations between global radiation and postsynaptic 5-HT1A receptor binding, which further 

supports the assumption of seasonal variations in serotonin function (Spindelegger et al, 2012). 

However, seasonal variation in SERT binding was not controlled for in the studies arising from 

this thesis. Still, it is less likely that these variations biased our results in a specific direction, as 

all subjects were scanned randomly relative to season. This indicates that this potential 

confounder only inflated the error variance. 
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V. CONCLUSION AND FUTURE PROSPECTS 

This doctoral thesis was centered on studying the human SERT distribution in relation to 

cerebral asymmetry and gender identity, drug occupancy and antidepressant treatment 

response. The thesis is thus tied to modern molecular imaging research aimed at investigating 

an important component of the serotonergic system in vivo using PET and [11C]DASB. The three 

publications arising from this thesis not only enrich our basic neuroscientific knowledge on SERT 

function and distribution but may also have clinical relevance. This significance especially 

applies to the second and third publication. Revealing the relations of regional SERT 

pretreatment binding to SERT occupancy in the second paper increases our understanding of 

antidepressant drug action and may help in the guidance of drug development tailored to 

individual symptoms. The last paper provides first evidence of a molecular predictor of 

antidepressant treatment response by analysis of pretreatment SERT binding on a system level. 

Should this association prove to become a valid biological marker for antidepressant treatment 

response, it will be a significant qualitative leap ahead for reduced individual suffering and 

improved compliance. 

 

A selection of next steps which would allow for the replication and expansion of our results 

includes similar investigations in larger and independent samples as well as testing of other 

SSRIs. Lastly the establishment of the predictive value of pretreatment SERT binding on SSRI 

response in other psychiatric disorders would assert this relationship’s relevance as a biological 

marker. Clinically applicable molecular based standard parameters have yet to be established 

within the field of psychiatry. Information gleaned in the context of this thesis may support this 

endeavor. 
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